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SUMMARY

The primary objective of this program was to characterize processing
techniques and design data for a graphite/epoxy composite system that
is useful from 75°K (-320°F) to 460°K (350°F) and a graphite/polyimide
composite system that is useful from 75°K (-320°F) to 589°K (600°F).
With the identification of the graphite/epoxy high temperature strength
problem caused by moisture this program was reconstructed to
concentrate on the development of polyimide composite systems.

The Monsanto 710 (RS 6234) polyimide resin was selected as the resin to
be characterized and used with the graphite fiber reinforcement. The
basic resin was fully characterized and a resin specification was written
and has been used in purchasing resin and prepreg materials. Detailed
processing techniques were developed for the HT-S/710 graphite/polyi-
mide system based on the resin characterization work and a prepreg
specification was developed.

Material was purchased using the prepreg specification for the design
data generation for both the HT-S/710 and HM-S/710 graphite/polyimide
composite systems. Lamina and laminate properties were determined
at 75°K, 297°K, and 589°K (-320°F, 75°F, and 600°F). Processing
techniques that were developed on this program were proven to be
completely applicable to fabricating large complicated parts by the
fabrication of several demonstration articles. Laminates up to 5.08 cm
(2.0 inches) thick and test skin-stringer components were fabricated.
The successful test results obtained on the skin-stringer components
proved that graphite/polyimide composites can be reliably designed and
analyzed much like graphite/epoxy composites.

The design data generated on this program includes the standard static
mechanical properties, biaxial strain data, creep, fatigue, aging, and
thick laminate data. All of the design data test specimens were taken
from laminates that were at least 61 cm by 61 cm (2 feet by 2 feet) in
size. This was done in order that realistic design properties would be
generated that would be typical of the strength and stiffness properties
expected in real complicated parts.

xxiii






SECTION 1
INTRODUCTION

The initiation of the Space Shuttle program by NASA in 1969, coupled with the poten-
" tial use of advanced composite systems for structural applications, required the
development of design data applicable to reusable space launch vehicles and space-
craft. Previous programs conducted by other government agencies and industry for
the development of design data were aimed at aircraft applications. The ’
reusability criteria and immense size required that new epoxy and polyimide resin
systems be evaluated for use as matrices for advanced composite systems.

The overall program objective was to develop processing techniques and develop
design data for both epoxy and polyimide reinforced composites. In order to meet
this primary goal, the following guidelines were used in conducting this program.

a.

g.

Develop commercially available graphite/epoxy, graphite/polyimide, and boron/
polyimide prepregs that were not proprietary.

Develop processing techniques applicable to making large structural components
by normal manufacturing techniques.

Develop preliminary design data for high-strength graphite/epoxy and graphite/
polyimide composite systems and for high modulus graphite/polyimide composite
systems.

Develop preliminary processing techniques and a prepreg with tack and drape for
use in making complex boron/polyimide composite parts.

All composite systems would have to withstand at least 400 hours at 450°K (350°F)
or 589°K (600°F) with less than 50 percent loss of initial strength at either room
or elevated temperatures.

Fabricate and test selected graphite/polyimide structural components using the
processing tethniques developed for flat laminates.

Develop detailed material and process specifications for the graphite composite
systems developed on this program.,

The following approach was taken to meet these technical objections. Based on
Convair's advanced composite experience and the available literature, several resin
systems, graphite fibers, and boron fibers were selected for initial characterization.
After this characterization one high-strength graphite/epoxy, one high-strength and
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one high-modulus graphite/polyimide, and one boron/polyimide system were selected
for detailed development of processing techniques, resin characterization, and part
fabrication. Processing was optimized, design property laminates were fabricated,
and a detailed test program was conducted. Also, fabrication demonstration items
were manufactured to demonstrate that the processing techniques developed were
applicable to complex parts. Structural sheet-stringer specimens were designed,
fabricated, and tested out of the selected high strength graphite/polyimide system.

Although the English system of units (ft, 1b, sec) has been used for all measurements
and calculations, in this report the SI system of units is shown as the primary system,
with English units following in parentheses.

This report has been organized so that summary technical data is presented in the
main body of the report and the detailed test data and specifications are presented

as separate appendixes, This report is divided into the following major subsections:
1. Graphite/Epoxy Composites.

2. High-Strength Graphite/Polyimide C.omposites.

3. High~-Modulus Graphite/Polyimide Composites.

4. New Polyimide Resins,

5. Boron/Polyimide Composites.

6. Graphite/Polyimide Demonstration Parts.

7. Graphite/Polyimide Structural Element Testing,

8. Appendixes

It was during the process development phase of the program for the HT-S/X-904
system that the effects of moisture on epoxy resins was discovered. The program at
that point was redirected to concentrate on polyimide systems. A separate program,
sponsored by NASA-MSFC Contract NASS-27435 "Investigation Into the High-Tempera-

ture Strength Degradation of Fiber Reinforced Resin Composite During Ambient
Aging," investigated this problem in depth,
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SECTION 2
GRAPHITE/EPOXY COMPOSITES

In the selection of the graphite fibers and epoxy resin systems to be evaluated for
potential characterization and development of detatled design data, two important
criteria were applied to any candidate system. These criteria were that both the
graphite fiber and resin were commercially available from multiple sources and
that the resin system could be vacuum-bag cured, press cured, and autoclave
cured. Using these guidelines, the four graphite/epoxy composite systems were
selected.

2.1 GRAPHITE FIBER AND EPOXY RESIN SELECTION

An initial requirement of the characterization portion of the program was to evaluate
a high-strength fiber 2413 MN/m2 (~350, 500 psi) end a high-modulus fiber 416 GN/m?2
(~ 60,000,000 psi). Throughout the remainder of this report, the terms high-strength
fiber and high-modulus fiber will be used per these definitions.

There are two distinct types of fibers: high-strength fiber where modulus is a secondary
consideration, and high-modulus fiber where strength is a secondary consideration,
Table 2-1 shows the fibers that were considered. HMG-60 (an uprated verston of
HMG-50) was still in the experimental stage and was considered only as a possible back~
up for the high-modulus fiber selected.

An extensive survey was conducted of all available data on graphite/epoxy composites
made with the fibers listed in Table 2~1. Prime emphasis was placed on data generated
in two major AFML programs (References 2-1 and 2-2), and that generated in Convair
IRAD programs (References 2-3 and 2-4), Vendor data was reviewed but was used
generally as a check rather than an influence on final material selection.

Tables 2-2 and 2-3 summarize the pertinent data, available at the time of fiber selec-
tion (1970), on high-strength systems made with both domestic and English fibers, It
is obvious on comparison of these two tables that the English fibers gave consistently
higher unidirectional tensile strength when tested in a composite. The English fibers
are wetted better by epoxy resins as demonstrated by higher transverse tensile and
horizontal shear data. The two English fibers, Courtaulds HT-S and Morganite II, are
both made from a polyacrylonitrile (PAN) precursor, and both give similar results
when evaluated as reinforcements in graphite-epoxy composites. Convair chose to
use the HT-S and Morganite II fibers as interchangeable under the general heading of
Type 11 fiber, and selected the Type II fiber as the high-strength reinforcement.



Table 2-2. Comparison of Composites Made
With Domestic Graphite Fibers**

*Sandwich beam data,

#* Type 1 indicates that HTS and Morganite Il are used interchangeably.
*+*+*Reference 2-5.

2-3

Horizontal ]
0° Tension __90)° Tension 2 0° Flexure Shear,
Epoxy g, MN/m2| E, GN/m2 g, MN/m“ | E, GN/m° [0, MN/m MN/m Reference
Fiber Resgin (ksi) (masi) (kst) (msi) (ksi) (ksi) 2-
'Thornel 50* Narmco 2387 910 (132) | 166 (24.0) |47 (6. 8) 11 (1.6) - - 1
HMG-50" E-787 647 (93) 134 (19.4) 42 (6.1) 9.0 (1.3) - - 1
Thornel-508* | Narmco 2387 | 924 (134) | 215 (3L.2) - - - - 1
HMG-50 4617 855 (124) | 208 (30.1) 17 (2.5) 7.6 (1.1) | 690 (100) 36 (5.2) 2
HMG-50 E-T15 745 (108) | 172 (24.9) (12 (.M 5.6 (0.8) - 85 (5.1) 3
HMG-50 BP-907 924 (134) | 196 (28.5) - - - 46 (6.6) 2
Thorne) 50 ERL-2256 703 (102) | 159 (23.0) |18 (2.6) 5.6 {(0.8) - 21 (3.0) 6
Thornel 50 E-798 814 (118) | 155 (22.5) |6  (0.9) | 4.9 (0.7 - - 2
HMG-50 X-05 896 (130) | 158 (22.9) - - - - 2
*Sandwich data.
* +Reference 2-5.
Table 2-3. Comparison of Composites Made With English
High-Strength Graphite Fibers***
L)(l Horizontal
Q° Tg ion 5 90° ; }0° Flexure °Flexure | Shear
Epoxy |0, MN/m” | E, GN/m® | g, MN/m" | E, GN/m2 | o\ MN/m2 |y, MN/m” [MN/m?  [Ref.
Fiber Resin (ksi) (msi) (ksl) (msi) (ksi) (ksf) (ksf) 2-
HTS Fiberite X-904 {1248 (181) | 175 (25.5)} 21 ( 3.0} 7.6 (1.1) - - - 4
Morganite 1 | Fiberite X-904 [1183 (173) | 141 (20.5)| 21 (3.0)} 7.6 (1.1) - - - 4
Morganite II*| Narmco 2387 1269 (184) | 147 (21.3) - : - - - - 1
Morganite I1* | F&H 4617 1724 (250) | 169 (24.5)[ 93.1(13.5)} 23 (3.4) - - - 1
IMorganite 11 | BXP 2401 682 ( 98) | 132 (19.1)| 60 (8.6) | 9.0 (1,3) | 1083 A5T) - 99.3 (14.4)| 2
[Morganite 11 | Narmco 1004 - - - - 1862 (270) - 113 (16.5)| 2
Morganite 11 [ Narmco 2387 - - - - 1014 (147) | 128 (18.7)|113 (16.5)| 2
'Morganite I1 | Narmco 1004 {1531 (222) - 33 (4.7) | 10 (1.5) - - - 4
Morganite 11 | Fiberite X-05 {1393 (202) | 160 (23.2) - - - - - 2
HTS Fiberite X-05 {872 (141) | 124 (18.0) - - - - - 2
HTS Fiberite X-903 - - - - 1441 (209) - 96.5 (14.0)§ 2
HTS Fiberite X-904 |786 (114) | 140 (20.3)| 44 (6.3) | 7.6 (1.1) | 1041 (151 - 87.6 12.7)] 2
Type II* F&H 4617 - - - - 1800 (261) { 117 (17.0)|105 (15.3)1 1
Type II* Fiberite 4617 - - - - 1469 (213) 175.2(10.9)(94.5(13.7)| 1
Type 11* Ciba 95 - - - - 1351 (196) | 107 (15.5)111 (16.1)| 1



Table 2-4 is a summary of the most recent and pertinent data on high-modulus systems
available at the time of fiber selection. The GY=-70/epoxy composite has a significantly
higher modulus than systems made with the high~-modulus English fibers, Courtaulds

. HM-S and Morganite I. Table 2-4 shows that the GY~-70/epoxy composite is also con~
siderably better from a modulus standpont that the domestic fiber systems. No data
was included on Thornel 75 systems since at the time of the survey none was available,
and extensive efforts to obtain the Thronel 75 fiber for evaluation were fruitless.

In general, the strength of a Celanese-epoxy system is comparable to that obtained with
composites made of Morganite I, HM~-S, Thornel 50-S, and HMG-50. However, because
the composite modulus of GY-70/epoxy systems is so much higher than that of all other
graphite-epoxy systems, the total strain capability is significantly reduced. Convair
selected the Celanese GY-70 fiber for its high-modulus system because modulus is the
prime consideration, andtotal strength and total strain are of secondary importance.

The criteria used in selecting the epoxy resin systems for each of the two types of
fibers were:

a, Useful temperature range, 21 to 450°K (-423 to 350°F).

b. All three types of curing techniques, vacuum bag, press, and autoclave, must be
applicable for selected resins.

c¢. Resin prepregs must be commercially available.

A cursory literature survey was conducted to determine the available 450°K (350°F) epoxy
resin systems., The results of this survey are shown in Table 2-5. Also, concurrent
work at Convair (Reference 2-5) gave further insight into the characteristics of several
450°K (350°F) epoxy resin systems. The data available on these systems are shown in
Tables 2-6 and 2-7. Based on the literature survey and the concurrent work being con-
ducted at Convair Aerospace, the Fiberite X-904 and Hercules 3002 epoxy resin systems
were selected for initial characterization with the two types of graphite fibers. The
X-904 resin system was selected based on its superior cryogenic properties and the

3002 on its superior high-temperature properties.

2.2 COMPOSITE CHARACTERIZATION

One pound of each of the four graphite/epoxy prepregs was ordered during July 1970
and received in August. Table 2-8 summarizes the material designations, suppliers,
batch numbers, etc. for the various prepregs. Table 2-9 summarizes the prepreg
testing in support of the resin-evaluation program. These results are included for the
purpose of comparing the mechanical properties obtained on the various laminates
reported later in the body of this report. In general, the graphite/epoxy prepreg /
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Table 2-6. - Evaluation of High-Modulus Graphite-Epoxy Systems

Hybrid HT-S/X-904 & |Celanese GY-70/R-350A| Celanese
Celanese GY-70/X-904 (GRT-70-350A) GY-70/1004
Longitudinal Flexure
Strength MN/m? (ksi)
T7°K (-320F) 703 (102) 592 ( 85) 814 (118)
297°K (RT) 821 (119) 772 (112) 827 (120)
450°K (350F) 668 ( 96) 848 (123) 731 (106)
Traonsverse Flexure
Strength MN/m“ (ksi)
77°K (-320F) 31.1 (4.47) 35.1 (5.07) 36.7(5.31)
297°K (RT) 31.4 (4.53) 38.8 (5.59) 33.7 (4.87)
450°K (350F) 21.0 (3.06) 26.7 (3.87) 21.9 (3.29)
Interfiber Shear
Strength MN/m? (ksf)
77°K (-320F) 38.3 (5.53) 42,1 (6. 09) 47.4 (6. 83)
297°K (RTH 39.0 (5.63) 49.1 (7.07) 54.1(7.79)
450°K (350F) 24,9 (3.61) 25.0 (3.62) 33.4 (4.83)
Specific Gravity 1.719 1,621 1.679
Resin Content, % 25,57 31.91 28.18
Fiber Volume, % 65.1 57.6 62.0

Table 2-7. Evaluation of High-Strength Graphite-Epoxy Systems

HT-5/X-904 Modmor 1I/ HT-8/ HT-S/3002
(hy-E-1311-B) 1004 BXP-2401 (Hercules 3002T)
Longitudinal Flgxure
Strength MN/m* (ksi)
TT°K (-320°F) 1338 (194) 1062 (154) | 772 (112) 855 (124)
297°K (RT) 1620 (235) 1207 (175) | 1089 (158) 1255 (182)
450°K (350°F) 855 (124) 1110 (161) | 855 (124) 1276 (185)
Transverse Flexure
Strength MN/m? (ksi)
77°K (-320°F) 104 (15.1) 123 (17.8) | 87.6(12.7) 65 (9.4)
297°K (RT) 51 (7.3 85.5 (12.4) | 91.0 (13.2) 94.5 (13.7)
450°K (350°F) 33 (4.8 53 ( 7.6) | 60 ( 8.6) 57 (8.2
Interfiber Shear ’
Strength MN/m? (ksi)
77°K (-320F) 77.9 (11.3) 64 (9.2)) 65 (9.3 66 (9.5
297°K (RT) 69.6 (10.1) 73,8 (10.7) | 70.3(10.2) 62 (8.9)
450"K (350°F) 37 (5.4) 38 (5.5 | 44 (6.3) 29 (4.2
Specific Gravity 1,536
Resin Content, % 34.61
Fiber Volume, % 57.3
*Failed as extension of notch, rather than in shear.
Note:
Modmor [1/1004 is meter length
HT-5/X-904 is short length
HT-8/BXP-2401 is continuous
HR-$/3002T is continuous
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Table 2-8. Materials Flow Chart
Material Quantity | Batch Date of
Material Designation Supplier (pounds) No. Receipt
Graphite/ Epoxy hy-E-1311-B Fiberite 1 OB66 7/30/70
hy-E-1511 Fiberite 1 OB65 8/10/70
Hercules 3002T | Hercules 1 - C500 8/19/70
GRT-70-350A Celanese 1 99-1-1 | 5/14/70
hy-E-1511 Fiberite 1 OAS80 5/19/70
hy-E-1311-B Fiberite 1 0AS81 5/15/70
Celanese 70/1004| Whittaker 1 0019-1 | 5/19/70
Modmor 11/1004 | Whittaker 1 0019-2 | 5/19/70
HT-S/BXP-2401 | American 1 W-50 5/21/70

Cyanamid

Hercules 3002T | Hercules 1 X201-40| 5/13/70

materials obtained in this program compare very favorably with the materials received
on similar programs., The procedures for obtaining volatile content, resin content,
percent flow, and for running the process gel test are summarized in Appendix E,
Volume II,

2.2.1 RESIN CURE DATA. One of the requirements of this program was to develop
the technology of fabricating laminates up to two inches in thickness. To be able to
accurately fabricate this type of laminate, a great amount of knowledge is required
about the various candidate resin systems. Differential thermal analysis (DTA),
thermogravimetric analysis (TGA), and time/temperature/viscosity /relationships are
all of importance in solving the problems incurred in the curing aund fabrication of
thick laminates. Convair Aerospace under government sponsorship collected or
developed this data on some of the potential high temperature epoxy resins currently
being used in graphite prepregs (Reference 2-5). This data is shown in Figures 2-1
through 2-8, Details of the techniques used to obtain this data are given in Reference
2-5,

2.2.2 PANEL FABRICATION. Unidirectional panels 25.4 cm by 15.2 c¢m by 10 ply
(10- by 6-inch by 10-ply laminates) were fabricated for each of the systems selected
for the characterization study. Vendor-specified cure cycles for vacuum-bag, press,
and autoclave curing of the composites were used in this initial study. Typical layup

‘for the graphite/epoxy system is shown in Figure 2-9,
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Figure 2-6, Time/Temperature/Viscosity Relationships of the

Fiberite X-904 Resin System
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Figure 2-7. Time/Temperature/Viscosity Relationships of the

Celanese R-350A Resin System
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| ~«—— ALUMINUM CAUL PLATE

- TEFLON FILM
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Figure 2-9. Typical Graphite/Epoxy Cure Layup
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Each lot of prepreg is checked per the tests outlined on the Graphite Prepreg Tests
sheet, Form 512-2=-MLR-1 (see page 2-18). On completion of these tests, laminate
fabrication is initiated. Process control of the fabricated panels is greatly improved
by the use of Form 512-2-MLR-2 (see page 2-19), Laminate Fabrication and Test
Instructions. By using these forms a detailed account of prepreg lot, prepreg sheet,
laminate number, and test results is tabulated. Each graphite/epoxy panel was sub-
jected to an identical post cure of 1/2 hour at 297°K (250°F), 1 hour at 422°K (300°F),

1 hour at 450°K (350°F), and 16 hours at 464°K (375°F). Vacuum-~bag, press, and auto-
clave cures were attempted with each graphite/resin system,

1. EPOXY PREPREGS

A. Material Designation:
Fiber Type:
Material Form:
Batch No.:
Resin:
Manufacturer:

1. Fabrication Procedure:

(Autoclave Cure)

Mold Release:
Layup:

Separator Film:
Bleeder:
Special Instruction:

Cure Pressure:

Cure Cycle:

hy-E-1511-B

GY-70 (continuous)

30.5-cm by 114-cm (12- by 45-inch) sheet
0B65

X-904

Fiberite

Teflon film

10 plies unidirectional, 25.4 by 15.2 cm
(10 by 6 inches)

Teflon-coated glass cloth, FG0-3

4 plies Mauchburg paper CW-1850

A Corprene 0,95 cm (3/8 in.) dam was
used around the periphery of layup, sepa-
rated from prepreg by no more than 1.5
mm (0.06 in.). One-ply Teflon film (non-
perforated) was used over the bleeder. A
25.4 by 15.2 by 0.64 cm (10- by 6- by 1/4-
in.) aluminum plate was used as a pressure
plate over the Teflon film, was covered in
turn by 3 plies of 181 style glass cloth (for
venting), and was enclosed by a vacuum
bag.

760 mm (29 in.) Hg. vacuum plus 690
kN/m2 (100 psi) autoclave pressure was
applied at RT and maiuntained through entire
cure cycle and cool down to below 344°K
(160°F).

Heat to 393°K (250°F) at 1 to 3°K/minute

(3 to 5°F/minute), hold for 1 hour, then
heat to 450°K (350°F) at 1 to 3°K/minute

(3 to 5°F/minute), hold for 2 hours, and
cool to below 344°K (160°F).
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GRAPHITE PREPREG TESTS

Requestor: WAP No,

Source:
P.A, No.:

Reinforcement : Type

512-2-MLR-1

Prepreg No.

2 2 6
UTS MN/m" (K€)) ___MODULUS—_GN/m" (10 psi)

Diameter Form .

Resin: Type Designation

Prepreg: Qty. Shipped Lot No. Size In
ResinSolids__________ % Volatile Content %
Laminate Flow, @ psi *K(°F) Min %

GDC Tests
Resin Solids_________ % Volatile Content %
Laminate Flow, @___ kN/m2 (psig) K(F)ee—Min __ %
Process Gel Test Instructions: Heat-up Rate °K/min (°F/

min. )

Other:

IR Conformation D Yes No

DTA

TGA
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512-2-MLR-2

LAMINATE FABRICATION AND TEST INSTRUCTIONS

Requestor: WAP No, Laminate No.

Prepreg No.:
Reinforcement:
W= in. Resin:

Carrier:

No. of Plies:
Ply Orientation: -
' Ply Order:

Fabrication

Mold Release:

Special Layup Instructions:

Separator Film:

Bleeder System:

Cure Cycle:

Cure Pressure:

Observations: Flow______% Other

Post Cure Cycle:

Physical Properties: Sp. Gr. (g/cc)—____ Avg Thns. (cm) R.C. %
v/v %

NDT Results Specimen Preparation

Special Test Instructions

Sketch Nos, : Other:
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Post Cure:

2. Fabrication Procedure:
(Press Cure)
Cure Pressure:

Post Cure:

3. Fabrication Procedure:
{(Vacuum-Bag Cure)
Cure Pressure:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No. :

Resin:

1. Fabrication Procedure:
(Autoclave)
Cure Pressure:
Post Cure:

2, Fabrication Procedure:
(Press)
Cure Pressure:
Post Cure:

3. Fabrication Procedure:
(Vacuum Bag)
Cure Pressure;
Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No, :

Resin:

Manufacturer:

1. Fabrication Procedure:
(Autoclave)
Mold Release:

1/2 hour at 393°K (250°F), 1 hour at 422°K
(300°F), 1 hour at 450°K (350°F) and 16
hours at 464°K (375°F)

Same as fabrication procedure I, A. 1.

690 kN/m> (100 psi) was applied at room
tempe rature and maintained throughout
cure cycle — no vacuum,

Same as 1. A, 1,

Same as fabrication procedure I. A. 1.

Full vacuum 760 mm (29 in.) Hg was
applied at room temperature and main-
tained throughout cure cycle.

Same as L A. 1.

hy-E-1311-B

HT-S (staple)

30.5 by 114 cm (12~ by 45-inch) sheet
OB66

X-904

Same as hy-E-1511-B fabrication proce-
dure I,A. 1,

Same as hy-E-1511-B I, A. 1,

Same as hy-E-1511-B I. A. 1,

Same as hy-E-1511~B fabrication proce-
dure I.A,1,

Same as hy-E-1511-B I, A.1,

Same as hy~E-1511-B 1. A, 1.

Same as hy-E-1511-B fabrication proce~
dure [LA.1.

Same as hy-E-1511-B 1, A.1,

Same as hy-E-1511-B1.A,1,

HT-S/3002T

HT-8 (continuous)

30.5 by 30.5 cm (12- by 12-inch) sheet
X201-40

3002

Hercules

Teflon film,
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Layup:
Separator Film:

Bleeder:
Special Instruction:

Cure Pressure:

Cure Cycle:

Post Cure:

Fabrication Procedure:
{Press Cure)
Cure Pressure:

Post Cure:

10 plies unidirectional, 25.4 by 15.2

cm (10- by 6-inches).

Teflon-coated glass cloth, FGO-3,
0,0028-inch thick.

4 plies Mauchburg paper CW-1850.

A Corprene 0.95 cm (3/8 in.) dam was
used around the periphery of layup,
separated from prepreg by no more than
1.5 mm (0.06 in,). One ply of Teflon film
(nonperforated) was used over the bleeder.
A 25.4 by 15,2 by 0.64 cm (10- by 6- by
1/4-in.) aluminum plate was used as a
pressure plate over the Teflon film, was
covered in turn by 3 plies of 181 style
glass cloth (for venting), and was enclosed
by a vacuum bag.

103 kN/m2 (15 psi) autoclave pressure is
applied at room temperature and main-
tained until 30 minutes at 393°K (250°F)
when pressure is increased to 172 KN/m
(25 psi). After an additional 25 minutes
at 393°K ( 25QZ°F). the pressure is increased
to 690 kN/m" (100 psi) was applied at
through entire cure cycle and cool down

to below 344°K (160°F).

Heat to 393°K (250°F) at 3 to 6°K/minute
(5 to 10°F/minute), hold 90 minutes at
393°K (250°F); heat to 450°K (350°F) at

3 to 6°K/minute (5 to 10°F/minute) and
hold for 2 hours; cool to below 344°K
(160°F),

One-half hour at 393°K (250°F), 1 hour at
422°K (300°F), 1 hour at 450°K (350°F),
and 16 hours at 464°K (375°F).

Same as fabrication procedure I.C.1.
Same as L. C.1 except hydraulic press

instead of autoclave pressure.
Same as I.C. 1.
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3. Fabrication Procedure:

(Vacuum Bag)
Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer:

1. Fabrication Procedure:

(Press)
Cure Pressure:

Post Cure:

2. Fabrication Procedure:

(Vacuum Bag)
Cure Pressure:
Post Cure:

Same as fabrication procedure I.C. 1.

Full vacuum applied at room tempera-
ture and maintained to 378°K (220°F);
vacuum pressure reduced to slight
positive pressure, 26 to 78 mm (1 to

3 in.) Hg; after 60 minutes at 393°K
(250°F) apply full vacuum and maintain
throughout the remainder of the cure,
Heat to 378°K (220°F) at 3 to 6°K/minute
(5 to 10°F/minute), hold 10 minutes;
heat to 393°K (250°F) and hold for 90
minutes; raise temperature to 450°K
(350°F) at 3 to 6°K/minute (5 to 10°F/
minute) and hold for 2 hours; cool to
below 344°K (160°F).

Same as I.C. 1,

GY-70/3002
GY-70 (continuous)
7.6 cm (3 in,) tape
X203-10

3002

Hercules

Same as fabrication procedure I.C.1.
Same as I. C.1 except hydraulic press

instead of autoclave pressure,
Same as I.C. 1,

Same as fabrication procedure 1. C. 3.

Same as 1. C. 3.
Same as I.C. 1,
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2.2.3 MECHANICAL PROPERTY TESTS. Test specimens were obtained from each
panel per the cutting diagram shown in Figure 2-10, Flexural tests both longitudinal
and transverse, were conducted at 77, 297, and 450°K (=320, 75, and 350°F),

The longitudinal flexure tests were conducted with a three-point loading system, while
the transverse flexure tests were conducted with a four-point loading system. A
span-to~-depth ratio of 32:1 was used for the longitudinal flexure tests. A notched-
interfiber-shear specimen was used instead of a short-beam-shear specimen. All
of the other interlaminar shear data in this report was obtained from the short-beam-
shear specimen because the majority of interlaminar shear data that is currently
available uses this type of specimen. The 77°K (-320°F) tests were conducted after

a five~minute soak, while the 450°K (350°F) specimens were exposed to a 10-minute
temperature soak before testing. Laminate resin contents were determined using an
Ho80 4/ H202 digestion method as detailed in Appendix C., Specific gravity was
determined for each panel per Federal Test Method Standard No. 4-6, Method 5011.

A summary of the data obtained on the graphite/epoxy systems is listed in Tables 2-10
and 2-11. The major difference in the data is the higher strengths obtained from the
HT-S composites compared to the GY-70 composites. This result was as expected,
because there is a major difference in the modulus and strengths of the two fibers.

The major attribute of the GY-70 composite is its high composite modulus, normally
over 276 Gl’\*/m2 (40 109 psi), as compared to the HT-8 composite, 110 to 138 GN/m2
(16 to 20 106 psi). During this cursory evaluation the shear and transverse strengths
could not be significantly improved, and the HT-S fiber was selected over the GY-70
fiber. Also, the HT-S fiber is more highly characterized and thus more data is available
on this type of fibrous composite.

The selection of the epoxy resin system was a difficult problem in that both the X-904
and 3002 systems have excellent properties depending on the particular application.
Also complicating the selection was the substandard lot of HT-S/X-904 prepreg initially

received by Convair. This problem was resolved, and good quality prepreg was ob-
tained for this program. The selection criterion used by Convair was two-fold in that
the selected graphite/resin system had to be usable over a temperature range from 77
to 450°K (-320 to 350°F), and useful strength properties were required whether it was
vacuum bag, press, or autoclave cured. The 3002T system shows excellent properties
at 450°K (350°F), but it shows a significant dropoff in strength at cryogenic tempera-
tures and also a smaller reduction in vacuum bag laminate properties. The poor data
at 450°K (350°F) for the HT-S/X-904 is attributed to the inferior lot of prepreg. There-
fore, based on the data developed on this program and related data on other contractual
efforts, the HT-S/X-904 system was selected for further process refinement and design
data development.
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2.3 EPOXY RESIN CHARACTERIZATION

Several high-temperature epoxide resin systems were screened at the initiation of
this program by Convair. These included Whittaker's 1004, Hercules' 3002, and
Fiberite's X-904 resin systems. The Fiberite X-904 resin system was chosen for
this program because of its broad temperature range capabilities, 77°K to 450°K
(-320°F to 350°F). The X-904 epoxy resin system was specifically formulated for
use as a graphite fiber matrix in composites subjected to high-temperature environ-
ments for extended periods of time. Figure 2-11 presents some isothermal aging
data on an HT-S composite after 1000 hours aging at 450°K (350°F). Figure 2-12
presents high-temperature strength retention to 533°K (500° F) of the same system.

I o~ Y
100 OO o= g ©
P —
—
7z
sol- ® FLEXURAL MODULUS

¢ FLEXURAL STRENGTH

INITIAL RT PROPERTIES:
25— FLEX STRENGTH 1172 MN/m2 (170,000 PSI)
FLEX MODULUS 131 GN/m?2 (19x106 PSI)

% RETENTION OF ROOM TEMPERATURE PROPERTY

l | ! 1 J
200 400 600 800 1000
TIME (hr)

Figure 2-11. Isothermal Aging Data at 450°K (350" F)
for HT-S/X-904 Tested at 450°K (350°F)
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2.3.1 CHEMISTRY OF THE X-904 EPOXIDE SYSTEM. The X-904 chemically con- e
sists of an aromatic polyglycidyl ether (ERRA-0163), cured with a monoanhydride

(nadic methyl anhydride), and catalized with benzyldimethylamine (BDMA). The resin

and curing agent have the following idealized structures:

o
C
CH-CH \0
CH -CH-CH e O-CH -CH-CH c”
3 o}
ERRA-0163 NMA

The stoichiometry of the anhydride is 85% of theoretical. This allows for 15% etheri-
fication reaction. Reaction rate theory and practice substantiates that the highest Tg
is obtained using 85% stoichiometry with this system. The cured structure for X-904
is given below in its idealized form:

3
-—CH -CH-CH O-CH -CH—CH -0=C CaQ—
2 2 70
O (9]
2—CH2

l| lcl)
[ —CHZ-CH-CHZ- O-CHZ-CH-CHZ-O-C c-o--]
CH

Anhydride cured systems such as the X-904 have consistently shown superior isother-
mal aging characteristics when compared to amine or catalytically cured systems,
The reason for this is the inherent thermal stability of the resultant ester linkage over
the amine or ether linkage produced by other cure mechanisms.
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Figure 2-12, Elevated Terhperature Test Data for HT-S/X-904

The formulation as a whole is somewhat insensitive (+ 5%) to NMA concentrations
since the etherification reaction will complete the cure if insufficient NMA is present.
However, the absence of BDMA or similar tertiary amine catalyst will have a pro-
nounced effect upon the resin system as will the presence of water (1% or greater).
Table 2-12 shows data concerning the effects of catalyst loss or omission as well as

the effect of moisture.

Table 2-12. X-904 Resin Gel Times as a Function
of Catalyst and Water Content

Formulation A B C
ERRA-0163 100 100 100
NMA 70 70 70
BDMA — 0.5 0.5
HZO -— - 2,0
Gel Time at 395°K (251°F) in minutes 185,8 12,5 17.1

2.3.2 POLYMER REACTION RATES. The reaction rate of this resin system at

353°K (175°F), 366°K (200°F), and 406°K (270°F) was measured and plotted as time-
versus-viscosity curves and is shown in Figure 2-13. These measurements were made
with a Brookfield viscometer. The resin system was placed in an isothermal bath

and the viscosity (monitored continuously) was recorded with time.
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Figure 2-13. Isothermal Reaction Rate Curves for X-904 Resin System
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The isothermal reaction curves show an interesting phenomenon of this resin system.
The resin viscosity at the higher temperatures stays quite low (below 1000 cps) for a
major portion of the time to gel. This low viscosity allows entrapped air and residual
solvent volatile to escape via the bleeder to give very low void content composites.
This zero or extremely low composite void content contributes to the excellent iso-
thermal aging performance of this system.

Figure 2-14 is a semi-logarithmic plot of the gel time versus reaction temperatures for
the X-904 system. Gel times at any given temperature can be derived from this plot.

2.3.3 REFRACTIVE INDEX STUDIES, X-904. A study was conducted on the increase
of refractive index with a reaction of the X-904 at 353°K (176°F), Data is presented

in Figure 2-15, The refractive index increases almost linearly with time at 353°K
{176°F) and should provide a good quality control procedure for determining resin ad-
vancement. The initial nonlinear appearance of the viscosity curve is probably due

to a greater extent of chain extension as opposed to branching. Chain branching would
result in a greater increase in viscosity with reaction as indicated at the 60- to 90-
minute portion of the curve,

Figure 2-16 presents data on the refractive index of X-904 resin shipments. Again the
relationship between refractive index and percent resin solids is fairly linear over the
range investigated. Hence, this appears to be a useful quality control procedure.

2.3.4 QUALITY CONTROL PROCEDURES. A number of quality control procedures
should be run on the incoming epoxy resin and curing agent as well as master batches
of this mixed system. They are as follows:

Resin: ERRA-0163 Acceptable Values
Epoxide Equivalent Weight 200 - 210

% Hydrolyzable Chlorine 0-0,4%

Total Chlorine 0-0.6%

Total Volatiles, 3 hours at 436°K (325°F) 1.5%
Softening Point 317 to 429°K (111 to 133°F)
Infrared Spectrum ' Structure Correlation
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Figure 2-15. Time/Viscosity Refractive Index Relationships
for the X-904 Resin System at 353°K (176°F) at
100% Resin Solids
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Curing Agent - NMA Acceptable Values

Refractive Index 1.5048 + 0,0005
Viscosity 204 £ 5 ¢cps
Acid Equivalent 175 + 5 grams/eq.

Mixed Master Batch

Viscosity 460 + 30 cps
Gel Time at 395°K (251°F) 10 to 15 minutes
Infrared Spectrum Structure Correlation

Master batches of the resin and curing agent may be mixed and stored (without the
BDMA catalyst) at 85% resin solids or less for several weeks. The importance of
storing at 278°K (40°F) or lower is clearly shown in Figure 2-17. After an auto-
catalytic period of 5 to 6 days, the resin started advancing rapidly at room tempera-
ture, No appreciable change was noted after two weeks at 278°K (40°F),

Figure 2-18 shows the rapid increase in viscosity and gel time resulting from room
temperature storage of catalyzed X-904.

2.3.5 SPECIFIC GRAVITY OF CAST RESIN, The specific gravity of X-904 cast
resin is 1. 26. This value is reproducible using the following cure cycle:

1 hour at 366°K (200°F)

1 hour at 422°K (300°F)

4 hours at 464°K (375°F)
Postcure 16 hours at 464°K (375°F)

2.4 EPOXY/GRAPHITE PREPREG CHARACTERIZATION

The major portion of the epoxy/graphite prepreg characterization work in this pro-
gram was performed with HT-S/X-904 prepreg. The nominal properties were:resins solids
40%, volatile content 6%, and resin flow of 23% unless specifically noted otherwise.

2.4.1 PREPREG GEL TIMES. Prepreg gel times for HT-S/X-904 are presented
in Figure 2-19. The semi-logarithmic plot is a straight line as it should be for a gel

time plot (reaction rate curve).

The measurements were made on small pieces of prepreg using a Fisher-Johns melt-
ing point apparatus held isothermally at the specified temperatures. The gel time of
the prepreg below 360°K (200°F) increases rapidly and is in accord with the time-
temperature-viscosity curves.,
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2.4.2 PREPREG STORAGE STABILITY TESTS. Studies were conducted to deter-
mine the storage stability of X-904 prepreg at 297°K (75°F), 278°K (40°F), and 255°K
(0°F). Drape, tack, resin flow, and prepreg gel time were measured as a function of
aging. The 297°K (75°F) prepreg was stored in a dust-free but unsealed condition to
simulate actual working out~time. The 278°K (40° F) and 255° K (0° F) stability tests
were conducted on prepreg in sealed polyethylene bags.

The prepreg was removed from storage and allowed to warm to 297°K (75°F) before a
sample was taken., Data generated in this study is presented in Tables 2-13, 2-14, and
2-15.

The 297°K (75°F) stability study indicates that a 3 to 4 day working life in regard to
tack and drape is to be expected. However, the prepreg material is still moldable
after one-month storage at 297°K (75°F) as indicated by the flow and gel measureraents,

The three-month storage stability data for HT-S/X-904 is presented in Table 2-14. The
only noticeable change is a small decrease in the percent resin flow. The tack shows
some signs of changing in the last month of aging, but this could be caused by the
numerous warm-up and cool-down cycles required for test sampling.

The 255°K (0°F) refrigerated storage study data is shown in Table 2-15. Again, as for
the 278°K (40°F) stability study, the only real differences noted are in the tack and
drape of the material.

Table 2-13. Prepreg Stability Study of HT-S/X-904
Prepreg at 297°K (75°F)

Gel Time at
Time (davs) Resin Flow (%) 443°K (337° F), minutes Drape Tack
1 22,5 3.3 Good Good
4 19.8 2.8 ' Fair Fair
6 19.5 2.3 Boardy  Fair-Poor
8 18.2 2 Boardy Poor
15 19.5 1.8 Boardy Poor
18 18,7 2,0 Boardy Poor
20 15,8 2.0 Boardy Poor
22 16.5 1.8 Boardy Poor
29 15.4 1.5 Boardy Poor
36 15,2 1.5 Boardy Poor
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Table 2-14. HT-S/X-904 Prepreg* Stability Study - Storage
at 278°K (40°F)

Gel Time at

Time Resin Flow 443°K (337°F), minutes Drape Tack

3 days 24,2 3.0 Good Good

5 days 23.8 3.0 Good Good

1 week 24,5 3.0 Good Good

2 weeks 23.4 2.8 Good Good

3 weeks 22,9 2.7 Good Good

4 weeks 23.7 2.9 Good Good

5 weeks 22.6 2.8 Good Good

6 weeks 21,5 3.0 Good Good

7 weeks 19.5 2.5 Good Fair-Good

8 weeks 20,8 2,5 Good Fair-Good

9 weeks 19.9 2,5 Good Fair-Good
10 weeks 19,2 2,5 Good Fair-Good
11 weeks 20.4 2.6 Good Fair-Good
12 weeks 20.7 2.8 Good Fair-Good

* Initial prepreg properties: Resin Solids 41.2%, Volatile Content 5.2%, Resin
Flow 24.1%

2.4.3 PREPREG PARAMETERS, The following are nominal prepreg parameters
for HT-S/X-904 prepreg:

Resin Solids 40 + 3%
Volatile Content 5+ 2%
Resin Flow 18 to 28%

Gel Time at 395°K (250°F) 11 to 16 minutes

Prepreg having these parameters and using the following cycle will routinely produce
graphite composites with 30 + 2% resin content, and 0 to 1% void content.

1.

o o p @

Vacuum bag using 1 ply Mauchberg bleeder per 3 ply
of 0,15 mm (6 mil) prepreg.

Apply vacuum - heat to 366°K (200°F) at 2 to 3°K (3 to 5°F)/minute,
Apply 690 kN/m? (100 psi) - vent bag - hold one hour at 366°K (200°F),
Heat to 422°K (300°F) at 2 to 3°K (3 to 5°F)/minute - hold one hour.
Heat to 464°K (375°F) at 2 to 3°K (3 to 5° F)/minute - hold three hours.
Cool below 366°K (200° F) under pressure.
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Table 2-15. HT-8/X-904 Prepreg Stability Study - Storage
at 255°K (0°F)

Gel Time at
Time Resin Flow 443°K (337°F), minutes Drape Tack
1 day 25.1 3.0 Good Good
2 days 24.3 3.1 Good Good
1 week 24.8 3.0 Good Good
2 weeks 24,1 2,8 Good Good
3 weeks 24.9 3.0 Good Good
4 weeks 23.8 3.1 Good Good
5 weeks 25,2 3.0 Good Good
6 weeks 24,4 2.9 Good Good
7 weeks 24,2 2.9 Good Good
8 weeks 23.9 3.0 Good Good
9 weeks 24.8 2.8 Good Good
10 weeks 23.1 3.0 Good-Fair Good
11 weeks 24,7 2.8 Good-Fair Good
12 weeks 24,1 2.8 Good-Fair Good-Fair
13 weeks 22,8 2.8 Fair Fair
14 weeks 23.1 2,5 Fair Fair
15 weeks 24,2 2.8 Fair-Poor Fair-Poor
16 weeks 22,2 2.5 Fair-Poor Poor
17 weeks 23.8 2.5 Poor Poor
18 weeks 24,1 2,6 Poor Poor

4]

*Initial prepreg properties: Resin Solids 43.4%, Volatile Content 5.8%, Resin

Flow 25.1%

7. Postcure 16 hours at 464°K (375°F).

The prepreg itself (HT-S/X-904) has tack and drape at room temperature. Very low
resin viscosities are obtained on the resin above 343°K (157° F) and hence there is
relatively high flow above this temperature. Even at room temperature, some flow
will be experienced by the application of pressure. However, the determination of
percent resin flow and gel time does not represent a good test for determining when
the X-904 prepreg has lost its tack and drape.

2.4.4 VOLATILE CONTENT. The major prepreg volatile content arises from the NMA
curing agent, which is liquid at room temperature. The resin system is specifically
formulated to give the correct prepreg tack and drape without ""B' staging. This was
felt desirable so as to eliminate prepreg variance because of '"B" stage nonuniformity.
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The percent volatile obtained in a given test is quite sensitive to two parameters:

a. Surface area of prepreg exposed.
b. Concentration of catalyst.

The NMA counstitutes approximately 65 to 85% of the 6% prepreg volatiles normally
found in HT-S/X-904 prepreg. Using the normal composite autoclave cure, less than
1% of this "volatile" is observed. Omission of the catalyst will result in prepreg
volatiles of 9 to 13% when evaluated at 436°K (325°F) for 15 minutes. This can be
correlated with gel times at 395°K (251°F), which will also greatly increase with a
decrease in catalyst (BDMA) concentration,

2.5 GRAPHITE-EPOXY PROCESS OPTIMIZATION

One of the major objectives of this program was to develop vacuum bag and vacuum
pressure augmented cure cycles for the HT-S/X-904 graphite epoxy composite system.
To meet this objective 30,5 by 30.5 cm (12 by 12 in.) by 12 ply laminates were fabri-
cated utilizing different cure cycles. Each of these panels was then cut into 15,2 by
15.2 cm (6 by 6 in.) panels as shown in Figure 2-20 and underwent four different post-
cure cycles. Flexural and short beam shear tests were conducted on the post-cured
panels, Also resin content, fiber volume, and specific gravity of the individual panels
were determined.

2.5.1 VACUUM-PRESSURE AUGMENTED CURE STUDY (PRESS)., Convair Aerospace
had conducted extensive autoclave curing studies on the HT-S/X-904 system under USAF
funding (Reference 2-5). Thus the primary effort investigated in this program for pres-
sure augmented cures was aimed at press curing. The following is a list of processing

techniques and cure procedures for each cure evaluated:

i

r 30.5 cm

]

506°F (450°F) §33°K (500°F)

T
|
|
|
|
POSTCURE 1 { POSTCURE 2
(NONE) | 16 HRS, AT
: 464°K (375°F)
g |
© 1
b SRR S e ———
g i
|
|
POSTCURE 3 : ~ POSTCURE 4
16 HRS, AT | 16 HRS, AT
]

1

.Figure 2-20, Panel Description for Cure and Postcure Studies (HT-S/X-904)
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Material Designation:
Fiber Type:

Material Form:
Bateh No.:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

(hy-E-1311-B)

HT-S (staple)

30.5 by 114.5 cm (12 by 45 in.) sheet
0C-19

X-904

Fiberite

{(Press Cure No, 1)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3

4 plies Mauchburg paper CW-1850

A Corprene 0,95 cm (3/8 in,) dam was used around the
periphery of layup, separated from prepreg by no more
than 1,5 mm (0.06 in,). One ply Teflon film (nonperfor-
ated) was used over the bleeder, A 30,5 by 30.5by 0,64
em (12 by 12 by 1/4 in,) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.

760 mm, (29 in.) Hg. vacuum plus 690 kN/m2 (100 psi)
press pressure was applied at room temperature and
maintained through the entire cure cycle and cool down
below 344°K (160°F).

Heat to 393°K (250°F) at 1to 3°K/minute (3 to 5°F/minute),
hold for 1 hour, then heat to 450°K (350°F) at 1 to 3°K/
minute (3 to 5°F/minute), hold for 2 hours, and cool down
to below 344°K (160°F) under pressure.

Various ones.

(hy-E-1311-B)
HT-S (staple)

30,5 by 114.5 cm (12 by 45 in,) sheet

0C-19

X-904

Fiberite

(Press Cure No, 2)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3

4 plies Mauchburg paper CW-1850

A Corprene 0.95 cm (3/8-in.) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0,06 in.). One ply Teflon film (nonper-
forated) was used over the bleeder. A 30.5 by 30,5 by
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was

2-43



Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Post Cure:

used as a pressure plate over the Teflon film, was covered
in turn by 3 plies of 181 style glass cloth (for venting), and
was enclosed by a vacuum bag,

760 mm, (29 in.) Hg. vacuum plus 69,0 kN/m (10 psi)
press pressure was applied at room temperature and
maintained to 358°K (185°F), and additional 630 kN/m2

(90 psi) was applied and maintained through the entire

cure cycle and cool down below 344°K (160°F),

Heat to 358°K (185°F) at 1 to 3°K/minute (3 to 5°F /min-
ute), hold for 30 minutes, heat to 393°F (250°F), hold for
1 hour, then heat to 450°K (350°F) at 1 to 3°K/minute

(3 to 5°F /minute), hold for 2 hours, and cool down to be~
low 344°K (160°F) under pressure.

Various ones.

(hy-E-1311-B)
HT-S (staple)

30,5 by 114,5 cm (12 by 45 in,) sheet

0C-19

X-904

Fiberite

(Press Cure No, 3)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in,)
Teflon-coated glass cloth, ¥FGO-3

4 plies Mauchburg paper CW-~1850

A Corprene 0.95 cm (3/8-in.) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0,06 in,). One ply Teflon film (nonper-
forated) was used over the bleeder, A 30.5 by 30.5 by
0.64 cm (12 by 12 by 1/4 in,) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn by
3 plies of 181 style glass cloth (for venting), and was en-
closed by a vacuum bag.

760 mm, (29 in.) Hg. vacuum plus 690 kN/m (100 psi)
press pressure was applied at room temperature and
maintained through the entire cure cycle and cool down
below 344°K (160°F)

Heat to 393°K (250°F) at 1 to 3°K/minute (3 to 5°F/min-
ute), hold for 1 hour, then heat to 464°K (375°F) at 1 to
3°K/minute (3 to 5°F/minute), hold for 2 hours, and cool
down to below 344°K (160°F) under pressure.

Various cnes,
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The following four postcure cycles were evaluated:

i1, No postcure

2. 16 hours at 464°K (375°F)
3, 16 hours at 506°K (450°F)
4, 16 hours at 533°K (500°F)

Each of the panels was slowly heated to 450°K (350°F) and remained at this tempera-
ture for a period of two hours prior to raising the temperature to the higher postcure
temperatures, Heat raises were in increments of 28°K (50°F) with dwell times of 2
hours at each increment. Postcures 2, 3, and 4 all concluded with 16 hours at the
selected postcure temperatures. The panels were all restrained during the postcure
cycles either by vacuum bag pressure, weights or plates clamped together.

Longitudinal flexure, transverse flexure, and short beam shear specimens were machined
from each of the panels. A minimum of three specimens were tested at each of the

three test temperatures 77°K (-320°F), 297°K (75°F), and 450°K (350°F), Duplicate
tests were conducted to determine resin content (percent by weight). fiber volume, and
specific gravity.

2.5.2 PRESS CURE TEST RESULTS. The evaluation of the test results for the press
cure study was complicated severely by the apparent degradations of graphite/epoxy
systems at 450°K (350°F) due to room temperature aging. The subject of this degrada-
tion is covered in a later section in this report, As such, all the test results at 450°K
(350°F) have to be disgarded, since the degradation phenomena is time dependent, the
selection of the cure and postcure cycle was done by considering only the 77°K (-320°F)
and 297°K (75°F) mechanical test results. Since all the panels were close in resin
content and fiber volume it was decided not to normalize the data to 60% fiber volume,
The press cure test data is summarized in Tables 2-16 through 2-18 as a function of cure
cycle and in Tables 2-19 through 2-22 as a function of postcure. The detailed test data is

included in this report as Appendix A,

The method used in evaluating the cure cycles was to rank the flexural and short beam
shear strengths on the basis of 3, 2, 1, where 2 rank of 3 is given for the highest
strength, The data obtained at 77°K (-320°F) and 297°K (75°F) was utilized in this
evaluation, Using this system of ranking, cure cycle No. 2 was found to be far superior
than either cure cycles No. 1 or No. 3, The scores achieved were 53, 34-1/2, and
32-1/2 respectively. It is believed that the test results do indicate significant differences
in the cure cycles evaluated, Based oun this data, it is recommended that cure cycle No.
2 be used as the press cure cycle for HT-S/X-904,

The evaluation of the postcure cycle for press cured HT-S/X-904 cycles was made by
evaluating the data in Tables 2-19 thr'ough 9-22 on a 4, 3, 2, 1 raunking basis. . Postcure
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cycle No. 2 was clearly superior to any of the other three postcure cycles. As the post-
cure temperature was increased, the 77°K (-320°F) and 297°K (75°F) strength proper-
ties were severely reduced. This might be caused by oxidation occurring during the
postcure or perhaps further crosslinking embrittling the polymer. The panels that
were not postcured showed good strength at room and cryogenic temperatures, but it

is obvious from the data in this report that an elevated postcure is required if the

panels are to be used at an elevated temperature.

When the epoxy degradation problem is solved the selected cure and postcure cycles
will need to be evaluated to insure that good elevated temperature results are obtained
using these processing techniques. No further work was accomplished under this
program in evaluating HT-S/X-904 press cure and postcure cycles.

2.5.3

VACUUM BAG CURE STUDY. The same procedure used in evaluating press

cures and postcures was utilized in evaluating potential processing techniques for
vacuum bag curing of HT-§/X-904. Two cure cycles with one variation in bleeder
material and four postcure cycles were evaluated. The cure cycles used in this

evaluation were as follows:

a.

Material Designation:
Fiber Type:

Material Form:
Batch No.,:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

(hy-E~-1311-B)

HT-S (staple)

30.5 by 114,5 cm (12 by 45 in.) sheet

0C-19

X-904

Fiberite

(Vacuum Bag Cure)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3,

4 plies Mauchburg paper CW-1850

A Corprene 0.95 cm (3/8 in,) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0.06 in.). One ply Teflor film (nonperfor-
ated) was used over the bleeder. A 39,5 by 30,5 by 0.64
cm (12 by 12 by 1/4 in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.

760 mm. (29 in.) Hg. vacuum pressure was applied at
room temperature and maintained through the entire cure
cycle and cool down below 344°K (160°F).
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Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No:

Resin:

Manufacturer:

Fabricaticn Procedure:
Mold Release:

Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Tvpe:

Material Form:
Batch No.:

Resin:

Manufacturer:

Heat to 393°K (250°F) at 1to 3°K/minute (3 to 5°F /minute),
hold for 1 hour, then heat to 430°K (35 °T)atito 3°K,
minute (3 to 5°F /minute), hold for 2 hours, and cool down
to below 344°K (160°F) under pressure.

Various ones.

{hy-E-1311-B)

HT-S (staple)

30.5 by 114.5 cm (12 by 45 in.) sheet

0C-19

X-904

Fiberite

(Vacuum Bag Cure)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3,

4 plies Style 181 glass cloth

A Corprene 0.95 cm (3/8-in,) dam was used around the
periphery of layup, separated from prenres by no more
than 1.5 mm (0,06 in.)., One ply Tefion film (ccuper-
forated) was used over the Lleeder. A 30,5 by 35,5 by
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as
a pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 styl& glass cloth (for venting), and was
enclosed by a vacuum bag.

760 mm, (29 in.) Hg. vacuum pressure was applied at
room temperature and maintained through the entire

cure cycle and cool down to helow 344°K (160°F),

Heat to 358°K (185°F) at 1 to 3°K/minute (3 to 5°F /min-
ute), hold for 30 minutes, heat to 393°F (250°F), kold for
1 hour, then heat to 450°K (350°F) at 1 to 3°K/minute

(3 to 5°F/minute), hold for 2 hours, and cool down to be-
low 344°K (160°F) under pressure,

Various ones,

(hy-E-1311-~B)

HT-S (staple)

30.5 by 114.5 cm (12 by 45 in,) sheet
0C-19

X-904

Fiberite



f. TFabrication Procecure: (Vacuum Bag Cure No, 3)

Mold Release: Teflon Film

Layup: 12 plies unidirectional, 30,5 by 30.5 cm (12 by 12 in.)
Separator Film: Teflon-coated glass cloth, FGO-3,

Bleecder: 4 plies Mauchburg paper CW-1839

Special Instructions: A Corprene (.95 cm (3/8-in,) dam was used around the

peripherv of layup, separated from prepieg by no more
than 1.5 mm (0.06 in,). One ply Teflon tilm (nonper-
forated) was used over the bleeder. A 30.5 by 30.3 by
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn by
3 plies of 181 style glass cloth (for venting), and was en-
closed by a vacuum bag.

Cure Pressure: 380 mm, (14.5 in,) Hg. vacuum pressure was applied at
room temperature, an additional 380 mm (14,5 in.) Hg
vacuum pressure was applied at 393°K (250°F) and main-
tained through the entire cure cycle and cool down to below :
344°K (160°F), '

Cure Cycle: Heat to 393°K (250°F) at 1 to 3°K/minute (3 to 5°F /min-
ute), hold for 1 hour, then heat to 450°K (350°F) at 1 to
3°K/minute (3 to 5°F /minute), hold for 2 hours, and cool
down to below 344°K (160°F) under pressure.

Post Cure: Various ones.

2.5.4 VACUUM BAG TEST RESULTS, Longitudinal flexure, transverse flexure, and short

beam shear tests were conducted in order to evaluate the various vacuum bag cure and
postcure cycles, Here again the high-temperature degradation effect in epoxy compo-
sites made all of the 450°K (350°F) test data questionable. This was due to the length
of the time between when the panel was postcured and when the tests were actually con-
ducted. Therefore, in the evaluations 4f these test results only the cryogenic and room
temperature data is utilized, The vacuum bag test results are summarized in Tables
2-23 through 2-25 as a function of cure cycle and in Tables 2-26 through 2-29 as a func-
tion of postcure cycle., The detailed test data is presented in Appendix A.

In evaluating the test results as a function of cure cycle, the cycle No, 2 was clearly
superior to cure cycles No, 1 and No. 3. The only difference between cure cycles No.
1 and No. 2 is that the bleeder in cycle No, 2 is style 181 glass cloth and in cure cycle
No. 1 the bleeder was Mauchburg paper CW-1850, Cure cycle No. 2 is the recom-

" mended vacuum bag cure and is also the same as the recommended press cure. In
general the strength values achieved with the vacuum bag cures were 20 to 30% lower
than the values obtained from the press cured panels, An interesting point is that the
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composites cured by the two different techniques were found to be equivalent in load-
carrying capability. The reason that the stress levels are significantly different is that

the press cured panels were significantly thinner.

Postcures No. 1 and No. 2 were found to give higher test results than either postcures
No. 3 and No. 4. Postcure No. 2 is recommended as the postcure cycle since high
temperature properties, 450°K (350°F), will be required when the epoxy degradation
problem is solved, As the postcure temperature was increased both the cryogenic and
room temperature strengths decreased. As noted earlier this is probably due to oxi-
dation of the composite or cross linking of the epoxy resin. The recommended post-
cure is also identical to the postcure recommended for press cured panels,

2.5.5 AUTOCLAVE CURE AND POSTCURE STUDY. Autoclave curing studies on
the HT-S/X-904 graphite epoxy systems had previously been conducted by Convair
Aerospace (Reference 2-5) and as such this portion of the cure and postcure study was

not as extensive as the press and vacuum studies.

The test data developed on pre-

viously sponsored work (Reference 2-5) is presented in Table 2-30 and new data gen-

erated on this program is tabulated in Table 2-31,

A limitation of four days between

the time a panel was postcured and the high temperature testing of specimens from
these panels was utilized for the data generated on the autoclave study on this program.
This minimizes the epoxy degradation effect and accounts for the higher test numbers
at 450°K (350°F). The cure and postcure cycles utilized for fabricating the panels

are as follows:

a.

Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer;

Fabricaticn Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

(hy-E-1311-B)

HT-S (staple)

30.5 by 114.5 cm (12 by 45 in.) sheet

OB 59

X-904

Fiberite

Autoclave Cure OB 59-1

Teflon Film

12 plies unidirectionai, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3

4 piies Mzuchburg paper CW-1850

A Corprene 0.95 cm (3/5 in.) dam was used around tke
periphery of la;up, separated from prepreg by nc more
than 1.5 nm (0,06 in.). One ply Teflon film (nonperfor-
ated) was used over the bieeder. A 30.5 by 30.5 by 0.64
cm (12 by 12 by 1/4 in.) aluminum plate was used as s
pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.
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Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No:

Resin;

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Specizl Instructions:

Cure Pressure:

Cure Cycle:

Postcure Cycle:

760 mm. (29 in.) Hg, vacuum plus 690 kN/m2 (100 psi)
press pressure was applied at room temperature and
maintaired through tre entire cure cycle and cool down
below 344°K (150°F),

Heat to 393°K (230°F) at 1 to 3°K/minuie (3 to 3°F /minute),
hold for 1 hour, tken heat to 430°K {350°F) 2t 1 io 3°K/
minute (3 to 3°F. minute), kold for 2 hours, and cool down
to below 344°K (160°F) uader pressure.

None

(hy-E-1311-B)

HT-S (staple)

30.5 by 114.5 cm (12 by 45 in.) sheet

OA-81

X-804

Fiberite

Autoclave Cure OA.-81

Teflon Film .

12 plies uaicirectional, 30,5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGG-3

4 plies Mauchburg peper CW-1850

A Corprene 0,55 cm (3 '3-in.) dam was used around the
periphery of lavup, separated from prepreg by e mere
than 1.5 mm (.65 in.), One ply Teflon film {naoper-
forated) was used cover the bleeder. & 30.3 by 32,3 by
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as
a pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting) and was
enclosed by a vacuum bag. 2

760 mm, (29 in,) Hg. vacuum plus 69,0 kKN/m" (10 psi)
press pressure was applied at room temperature and
maintained to 358°K (185°F), and additional 630 kN/m?
(90 psi) was applied and maintained through the entire
cure cycle and cool down below 344°K {160°F),

Heat to 393°K (250°F) at 1 to 3°K/minute (3 to 5°F /min-
ute), hold for 1 hour, then heat to 450°K (350°F) at 1 to
3°K/minute (3 to 5°F/minute), hold for 2 hours, and
cool fo below 344°K (160°F) under pressure,

One-half hour at 393°K (250°F), 1/2 hour at 422°K (300°F),
1/2 hour at 450°K (350°F) and 16 hours at 464°K (375°F),
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Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer:

Fabhrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Postcure Cycle:

Material Designation:
Fiber Type:

Material Form:
Batch No,:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:
Separator Film:
Bleeder:

(hy-E-1311-B)

HT-S (staple)

30,5 by 114.5 cm (12 by 45 in.) sheet
OB-59

X-904

Fiberite

Autoclave Cure OB 59-2

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3

4 plies Mauchburg paper CW-1 850

A Corprene 0.95 cm (3/8-in.) dam was used around the
periphery of layup. separated from prepreg by no more
than 1.5 mm (0.06 in.). One ply Teflon film (nonper-
forated) was used over the bleeder. A 30,5 by 30,5 by
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as
a pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.

760 mm, (29 in.) Hg, vacuum pressure was applied at
room temperature, an additional 690 kN/m?2 (100 psi)
pressure was applied at 362°K (195°F) after a 1/2 hour
hold at this temperature and maintained through the en~
tire cure cycle and cool down to below 344°K (160°F).
Heat to 362°K (195°F) at 1 to 3°K/minute (3 to 5°F/min-
ute), hold for 1 hour, heat to 436°K (325°F) at 1 to 3°K/
minute (3 to 5°F /minute), hold for 1/2 hour, heat to
464°K (375°F) and hold for 4-1/2 hours.

None.

(hy-E-1311-B)

HT-S (staple)

30,5 by 114.5 cm (12 by 45 in.) sheet
OB-66

X-904

Fiberite

Autoclave Cure Panel C-1

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3.

4 plies Mauchburg paper Cw-i850
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Special Instructions:

Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No:

Resin:

Manufacturer:

. Fabrication Procedure:

Mold Release:
Layup: ,
Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

A Corprene 0.95 cm (3/8 in,) dam was used around the
peripkery of layup, separated from prepreg by no more
than 1.5 mm (0.06 in.). One ply Teflon film {nonperfor-
ated) was used over the bleeder. A 30.5by 30,5 by 0.6
cm (12 by 12 by 1/4 in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn

by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag. 2

760 mm. (29 in.j Hg. vacuum plus 690 kN/m" (100 psi)
press pressure was applied at room: temperature 2nd
maintaiced through the entire cure cycle and cool down
below 344°K (160°F),

Heat t0 393°K i230°F) at 1 to 3°K/minute (3 to 5°F ‘mim: e},
hold for 1 hour, then heat to 450°K (350°F) at 1 0 5°%.
minute (3 to 5°F ,/minute), hold for 2 hours, and cool down to
to below 34+4°K (160°F) under pressure.

One-half hour at 393°K (250°F), 1 hour at 422°K (300°F),

1 hour at 450°K (350°F) and 16 hours at 464°K (375°F),

(hv-E-1311-B)
HT-S (staple)

30.5 by 114.5 cm (12 by 45 in.) sheet

0C-19

3X-904

Fiberite
Autoclave Cure MB-1 Dielectric Monitor

Teflor Film

12 plies unidirectionzl, 30.5 by 30,5 cm (12 by 12 in.)
Teflon-coaed glass cloth, FGO-3,

4 plies Mauchburg paper CW-1850

A Corprene 0,95 cm (3/5-in.) dam was used around the
periphery of layup, separated irom prepreg by no more
than 1.5 mm (0,06 in.). One ply Teflon {ilm (ronger-
forated) was used over the bleeder. A 30.3 by 30.3 oy
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was en-
closed by a vacuum bag.

760 mm (29 in,) Hg, vacuum was applied at room tempera-
ture, an additional 690 kN/m2 (100 psi) pressure was
applied at 407°K (275°F) and maintained through the

entire cure cycle and cool down to below 344°K (160°F),
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Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Material Form:
Batch No.,:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Post Cure:

Material Designation:
Fiber Type:

Materiai Form:
Batch No.:

Resin:

Manufacturer:

Heat to 450°K (350°F) at 1 to 3°K/minute (3 to 5°F/min-
ute), hold for 2 hours, and cool down to below 344°K
(160°F) under pressure,

One-half hour at 393°K (250°F), 1 hour at 422°K (300°F),
1 hour at 450°K (350°F) and 16 hours at 464°K (375°F).
(hy-E-1311-B)

HT-S (staple)

30,5 by 114.5 cm (12 by 45 in.) sheet

0C-19

X-904

Fiberite

Autoclave Cure A-1, A-2

Teflon Film

12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Teflon-coated glass cloth, FGO-3

4 plies Mauchburg paper CWW-1850

A Corprene 0.9Z cm (3/8-in.) dam was used arocurd tre
periphery of layup, separated from prepreg by no more

‘than 1,52 mm (0.06 in.). One ply Teflon {iim (noaver-

forated) was used over the bleeder., A 30.3 by 30.5 oy
0.64 cm (12 by 12 by 1/4 in.) aluminum plate was used as
a pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.

760 mm (29 in.) Hg. vacuum pressure was applied at
room temperature, an additional 690 kN/m? (100 psi)
pressure was applied at 366°K (200°F) and maintained
through the entire cure cycle and cool down to below 344°K
(160°F),

Heat to 366°K (200°F) at 1 to 3°K/minute (3 to 5°F/min-
ute), hold for 20 minutes, heat to 422°K (300°F) at 1 to
3°K/minute (3 to 5°F/minute), hold for 1 hour, heat to
464°K (375°F) and hold for 4 hours,

One-half hour at 393°K (250°F), 1 hour at 422°K (300°F),
1 hour at 450°K (350°F) and 20 hours at 464°K (375°F).

(hy-E-1311-B)
HT-S (continuous)
30,5 by 114.5 em (12 by 45 in,) sheet

- OC-16

X-904
Fiberite
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n, Fabrication Procedure: Autoclave Cure OC16-1-15

Mold Release: Teflon Film :
Layup: 12 plies unidirectional, 30.5 by 30.5 cm (12 by 12 in.)
Separator Filin: Teflon-coated glass cloth, FGO-3 .
Bleeder: 4 plies Mauchburg paper CW-1850

Special Instructions: A Corprene 0.95 cm (3/8 in.) dam was used arouad the

periphery of layup, separated from prepreg by no more
than 1,5 mm (0,06 in.), One ply Teflon film (nonperfor-
ated) was used over the bleeder, A 30.5 by 30,3 by 0,64
cm (12 by 12 by 1/4 in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered in turn
by 3 plies of 181 style glass cloth (for venting), and was
enclosed by a vacuum bag.

Cure Pressure: 760 mm, (29 in.) Hg. vacuum pressure was applied at
room temperature, an additional 690 kN/m? (100 psi)
pressure was applied at 366°K (200°F) and maintained
through the entire cure cycle and cool down to below 344°K
(160°F),

Cure Cycle: Heat to 366°K (200°F) at 1 to 3°K/minute (3 to 5°F /min-
ute), hold for 20 minutes, heat to 422°K (300°F) at 1 to
3°K/minute (3 to 5°F/minute), hold for 1 hour, heat to
464°K (375°F) and hold for 4 hours.

Post Cure: One-half hour at 393°K (250°F), 1 hour at 422°K (300°F),
1 hour at 450°K (350°F) and 20 hours at 464°K (375°F).

Cure cycle MB-1 is a dielectric monitor cure in which the complex electrical proper-
ties of the epoxy matrix was monitored. By monitoring these changes gellation of the
resin can be established and the proper point for pressure to be applied for a particular
panel can be readily identified. Figure 2-21 is the actual curve obtained from the di-
electric monitor recorder which shows that the pressure was applied at 407°K (275°F),
This is a very effective tool in developing new cure cycles or checking the quality of a
particular batch of material but finds limited use in a production situation.

2.5.6 AUTOCLAVE TEST DATA. The data developed previously by Convair Aero-
space (Table 2-30) indicated that the HT-8/X-904 graphite /epoxy system was fairly
insensitive to the initial cure cycle, but as expected significant increases in oriented
properties such as transverse flexure at 450°K (350°F) were obtained by postcuring.
The HT-S5/X-904 system also showed that this particular system retains a high per-
centage of its room temperature strength at cryogenic temperatures unlike other high
- temperature epoxy resin systems, The revised cure cycle utilized on panels A-1P,
A-2, and OC16-1-15 is the recommended cure and postcure cycle, The primary dif-
ference between the recommended cure cycle and the others evaluated is that the initial
cure temperature reaches 464°K (375°F) as compared to 450°K (350°F) for the other
cure cycles, This probably increases the heat distortion temperature of the cured
composite, thus giving higher strength properties at 450°K (350°F),
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2.6 ELEVATED TEMPERATURE STABILITY OF EPOXY-MATRIX COMPOSITES

Investigation of problems associated with the high-temperature resistance of Fiberite's
X-904 epoxy resin has led to discovery of a general elevated temperature stability pro-
blem associated with epoxy-matrix composites. The discovery was made jointly by Con-
vair Aerospace and Fiberite in their attempts to resolve difficulties with HT-S/X-904
prepreg being used in support of NAS8-26198 and F33615-70-C~1442.

The problem manifested itself initially by unusually low longitudinal flexural strength
at 450°K (350°F) as compared to data obtained earlier in a screen program. This
was found to be the case in tests conducted at both Convair Aerospace and Fiberite.

Whereas in the past longltudmal flexure strength of HT-S/X-904 often approached or
exceeded 1034 MN/m? {150 ksi) when tested after exther 10 minutes or 1/2 hour at
450°K (350°F), recent batches failed below 600 kN/m (100 ksi), It was initially be-
lieved that the poorer thermal stability resulted from some inherent change in the basic
resin,

From a historical standpoint, the X-904 formula consisted of Union Carbide's ERRA
0153 (aromatic polyglycidylether), NMA, BDMA, and MEK. Several months prior to
discovery of the problem, Union Carbide went from a small-batch process to a large~
scale process and changed the number of the resin from ERRA 0153 to ERRA 0163,
Fiberite was assured that the resin would remain identical.

When the thermal stability problem was first discovered, analysis of the resins showed
that the ERRA 0153 had epoxide values in the order of 202 to 205, while the early batches
of ERRA 0163 had epoxide values of approximately 225. In additon, the batches of
ERRA 0163 had significantly higher chlorine contents, It was felt that these changes
would result in lower crosslink density due to greater spacing of functional groups,
which in turn would result in a cured resin having a lower thermal distortion tempera-
ture, .

To check this theory, laminates were prepared and tested. However, it was found that
a new batch received from Union Carbide having a low epoxide value and relatively low
chlorine content also had inherently poor thermal stability, Two new panels (14390 and
14391) made from batch C-2 of ERRA 0163 gave the longitudinal flexure properties
shown in Table 2-32,

The C-2 batch of resin had been used earlier for some of the prepreg that gave low
450°K (350°F) longitudinal flexure properties, and therefore other variables were evalu-
ated such as the purity of NMA and BDMA, However, no apparent reason could be de-
termined for the earlier poor results.
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Table 2-32. Longitudinal Flexure Properties (Panels 14390 and 14391)

Test Longitudinal Flexure Horizontal Shear

Panel Temperature Strength Strength
No. °K °F MN /m?2 (ksi) MN/m? (ksi)
14390 297 (75) 1496 (217.2) 84 (12.2)
450 (350) 945 (137.2) - 46 (6.7)
14391 297 (75) 1593 (231, 0) 88 (12.7
450 (350) 1000 (145.2) 50 (7.2)

Late in October 1970, low values again were observed on the 450°K (350°F) longitudinal
flexure strength of HT-S/X-904, Fiberite was contacted, and their feeling was that
the problem could be remedied by changing the cure cycle to give a maximum cure
temperature of 464°K (375°F) rather than the standard 450°K (350°F) cure. This cure
cycle is identical to the recommended autoclave cure cycle. Two panels were fabri-
cated: OC-19-A-2 and OC-16-1-15, The OC-19-A-2 panel used short HT-S fibers

and was fabricated on Contract NAS8-26198 and the OC-16-1-15 panel used continu-

‘ous HT-S fibers and was fabricated on AF Contract F33615-70-C-1442, Specimens

cut from these two panels were tested at 77°K (-320°F), 200°K (-100°F), 297°K (75°F),
366°K (200°F), 393°K (250°F), 422°K (300°F), 450°K (350°F), and 477°K (400°F), The
data is tabulated in Table 2-33 and plotted in Figure 2-22,

Although the test data for panels OC-19-A-2 and OC-16-1-15 were adequate at 450°K
(350°F) for both programs, the strength-versus-temperature plot was disturbing.

Since at the high-temperature end of the plot the strength drops rapidly with increase
in temperature, an accurate measurement of the test temperature is extremely import-
ant. A 10 degree error at 450°K (350° F) could result in a 5 percent deviation in
strength. K was therefore decided to rerun some of the panels which had given low
flexural strengths at 450°K (350°K). Rerun of test panels confirmed previously low
test values. Rerun of some early test panels, which had given some acceptable test

values, resulted in greatly reduced values. Early panels made with some other

resins and fibers were also rerun. Tables 2-34 through 2-36 summarize the data
obtained on the X-904, 3002, and 1004 high-temperature epoxy resin systems
(Reference 2-9). Included are data obtained at Convair Aerospace, Fiberite, Hercules,
and Whittaker. All data is on longitudinal flexure strength of unidirectional laminates.

Figure 2-23 is a plot of the HT-S/X-904 data presented in Table 2-34 (Reference 2-9).
Similar plots could be prepared for HT-S/3002 and HT-S/1004 aging data, although there
was not as much data on the latter two systems. The general trend shows an approximate
reduction in strength of 20 to 50 percent. The shape of the data plot can be very mis-
leading since only two data points are available for each test laminate, When plotted
on semilog paper the data in Figure 2-23 appears as a series of straight lines having
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Table 2-33. Longitudinal Flexural Strength of HT-S/X~904,
Panel OC-16-1~15

Test Longitudinal Flexure
Temperature Strength*
°K °F MN/m? (ksi)
77 (=320) 1441 (209.1)
200 (=100) 1462 (211.7)
297 { 75) 1572 (228.4)
366 (200) 1220 (176.8
393 (250) 1117 {162. 2)
422 (300) 1000 (145. 4)
450 (350) 793 (115.1)
477 (400) 444 ( 63.7)
*Average of 3 tests,

approximately the same negative slope. Aging time at RT, humidity during the RT aging
period, and the time period from initial panel manufacture to initial testing can all have
significant influence on the data obtained and the shape of the resulting plot. Normal
scatter in 450°K (350°F) flexural strength testing can also be a problem,

After much test procedure evaluation and retesting of old panels, the problem was
recognized as a loss of flexural strength at 450°K (350°F) resulting from RT aging
under laboratory environments. Confirmation from other test sources such as Fiberite,
Hercules, and Whittaker helped to define the problem sooner. Horizontal shear strength
at 450°K (350°F) appears to be affected in a similar manner, Table 2-37 summarizes
some of the early data that was available (Reference 2-9).

Additional flexural data is available on other epoxy resin systems, both high-tempera-
ture resistant and general purpose. This data is summarized in Table 2-38 (Reference
2-9), There is too little data available on general-purpose epoxy systems and their re-
tension of 352°K (180°F) properties after RT aging.

Several possible mechanisms have been proposed by various investigators for the un-
stable behavior of the epoxy matrix composites. The most likely mechanisms are
thermal relaxation (creep of resin, fiber finish, etc.), hydrolysis effects, oxidative
degradation, and fiber surface effects.

Some brief éxperiments with degraded panels indicate that the 450°K (350°F) flexural
strength can be partially or completely regenerated by heating or by exposure to vacuum.
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Table 2-34. Longitudinal Flexural Strength at 450°K (350°F) as a Function of Room
Temperature Aging for Composites Containing X-904 Resin

l;:;:l Initial Strength Retest Retest Strength

Fabricator Fiber Mfg. Date | Panel No. Date MN/m2 (ksi) Date MN/m2 (ksi)

Convair | HT-S (staple) [5-20-70 |OA-81 6-10-70 855  (124) [10-28-70 488 (69.7)
Convalr HT-S (staple)|7~28-70 OB-59-1* 8-11-70 876  (127) 10-28-T0 647 (93)

Convair | HT-S (staple)|7-30-70 |OB-59-2* 8-13-70 758 (110) [10-28-70 556 (79.8)

Convair | HT-S (staple) | 10-15-70 |OC-19-1-MB] 10-21-70 724 (105) ([11-4-70 444 (63.7)
Convair | HT-S (cont.) |10-22-70 [OC-16-1-15 | 10-26-70 793 (115 [11-2-70 807 (117)
Fiberite | HT-S (staple)|9-21-70 oCc-19 9-23-70 1068  (155) [10-27-70 779 (113)
Fiberite | HT-S (staple) |9-10-70 14398-1 9-18-70 876  (127) |10-27-70 717 (104)
Fiberite | HT-S (staple)|9-15-70 14000E 9-15-70 BB3  (128) [10-29-70 542 (78)
Convair | GY-70 (cont.){7-22-70 }OB55-1* 8-14-70 690 (99.5)(10-30-70 731 (105)

Convair | GY-70 (cont.}| 7-23-70 | OA80-1-1 8-14-70 479 (69.2)10-30-70 339 (48.6)

* No post cure.

Table 2-35. Longitudinal Flexural Strength at 450°K (350°F) as a Function of Room
Temperature Aging for Composites Containing 3002 Resin

h,:;::l Initial 2Strength Retest Retes; Strength
Fabricator Fiber Mfg. Date | Panel No. Date MN/m - (ksi) Date MN/m” (ksi)
Convair HT-S (cont.) | 6-11-70 |X-201-40 6-18-70 1276 (185) {10-29-70 889 (129)
Ceonvair HT-S (cont.) | 8+25-70 |T-2 9-17-70 1089 (158} |10-27-70 690 (100)
Convair HT-S (cont.) | 8-25-70 |}T-3 9-17-70 1088  (158) {10-27-70 1110 (161)
Fiberite HT=-S (cont.) 8-14-70 {14386A 8~15-70 1158 (168) [10-29-70 834 (121
Fiberite HT-S (cont._) 8-14-70 |R-3** B-15=70 187 (120) |10-29-70 633 [§:2 8]
Hercules | HT-S (cont.) 6=1-70 X-201-60C~1]| 6-2-70 - 1027 (149 [11-4-70 528 (76)
Hercules | HT-S (cont.) | 6-1-70 X173-83-B 6~2-70 1131 (164) |11-4-7C 690 (100)
Hercules | HT-S (cont.) 8~1-70 X201-60~B 6=2=70 862 (125) [11-4-70 654 {94)

* One specimen only available for retest.
** No post cure.

Table 2-36, Longitudinal Flexural Strength at 450°K (350°F) as a Function of Room
Temperature Aging for Composites Containing 1004 Resin

‘;::":1 Initial ZS trength Retest Retest Sztrength

Fabricator Fiber Mfg. Date | Panel No. Date MN/m” (ksb Date MN/m" (ksi)

Convalr HT-S (cont.) { 6-26-70 1 7=-8-70 1048 (152) 10-29-70 827 (120
Convair HT-S (cont.) | 7-28=70 0042-2 8=17=70 599 (85.7)} 10-30-70 856 (80.3)
Convair |HT-S (cont.) | 7-27-70 | 0042-1* 8-17-70 689  (98,6)f 10-30-70] 472 (67.6)

Convalr M-I (Meter} | 5-29-70 0019-2 6-4-70 1110 (161 10-29-70 807 (117

Whittaker | GY-70 (cont, ) 12-1-69 1 12-3-68 689 (99) 10-30-70 311 (45)
Convair GY-70 (cont.)| 7-21-70 0039~1* 8-7-70¢ 493 {71.4)| 10-30-70 430 {62.3)
Convair GY-170 (cont,)| 7-23-70 OA80-1-1 8-14-70 479 {69.2)f 10-30-70 339 (48.06)

* No post cure.
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Table 2-37. Horizontal Shear Strength at 450°K (350°F)

Initial . .o
Test Initial S;rength Retest RRetest é)txcnr,th
Fahricator | Resin Tiber Mfg. Date { Panel Na. Date MN/m” (ksi) Date MK/m”™ iksin
Hercules | 3002 HT-S (comt,) - X201-20C~1 | 6-1-70 46 (6.7) § LI-d-T0 REY Yt
Fiberite |3002 HT-S (cont.) | 8~14=70 R-3 &=15-70 63 (9.0 | 11-3-70 22 321
Fiberite |X-904 | HT-S (staple)} 9-21~70 oCc-19 9~23-70 40 (5.7 | 11-3-70 32 .

Table 2-38. Longitudinal Flexural Strength at Temperature
as a Function of RT Aging

Panel Test Temp. [';‘“etsl:l Initial Szzrength Retest Retest Szv.rength
Fabricator Resin Fiber Mfg. Date No. K *F Date MN/m"” (ks Date MN/m" tksi}
Fiberite Experimental* | HT-S (staple) 9-8-70 14397B 450 (350) |[9-19-70] 1138 (i65)| 10-27-70| 1041 (151)
Fiberite Experimental® | HT-S (staple) 9-8-70 14397C 450 (350) |9-19-70] 1324 (192)| 10-26-70| 1289 (187
Fiberite Experimental* | HT-S (staple) 6-8-70 14351 450 (350) |6-15-70f 731 (106)| 11-6-70 620 189)
Hercules BP-907 HM-S (cont.) 6- -70 37 355 (1801 |B6-7-T0 1069 (155} 11-5-70 896 (130)
Ferro E-293 MODMOR 1 (short) | 2- -69 - 355 (180y |2- -69 542 (78 11- =70 606 (87T)
Ferro E-293 MODMOR 1 (short) | 2- =69 - 355 (180) |2- -69 647 (931 11- -70 585 (84)

* High-temperature-resistant epoxy.

Table 2-39 summarizes these results (Reference 2-5), This type of property regenera-
tion would lend credence to the hydrolysis theory, since both vacuum and heat exposures
acted to regenerate the 450°K (350°F) flexural strength. The mechanism of degradation
by water penetration could be a result of plasticizing effect, molecular scission, or
chemical reaction,

Table 2-39. Effects of Post Cure Treatments on 450°K (350°F)
Longitudinal Flexural Strength

Panel Retest lnjtmlet.rength Final :tmngth

Fabricator | Resin Fiber No. Date MN/m"  (ksf) Post Cure Treatment | Test Date | MN/m  (ksi)

Counvair X-904 | HT-S OB59-2 | 10-28-70 556 (79.8) | 72 hours at ~ 10.5 torr |11-13-70 668 (95.6)
vacuum and tested
immediately**

Convair 3002 | HT-S X201-40 | 10-29-70 | 834  (121) |4 hours at 450K (350F) |11-19-70 | 1020  (148)

Convair 3002 HT-S X201-40 | 10-29-70 834 (121) 4 hours at 393K (250F) |11-19-70 979 (142)

Fiberite X-904 | HT-S 14398-1 | 10-27=70{ 717  (104) |4 hours at 450K (350F) |11-3-70 | 1027  (149)
plus 9 hours at 464K (375F)

Fiberite X-904 | HT-S 14000E | 10-29~70 542 (78) | 4 hours at 450K (350F) [11-3-70 668 (96
plus 9 hours ac 464K (375F)

Whittaker*** | 1004 MODMOR It - 11-3-70 311 (45) ~16 hours at 375F 11-4-70 724 (105)

* See Tables 2-33 to 2-35 for initial data.
** Weight loss in vacuum was 0.13%.
*** Weight loss from post cure was 0.5%.
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Fiberite conducted several experiments to determine moisture pickup by typical
graphite /epoxy composites. The following weight gains were noted after a one-hour
water boil: HT-S/X-904 (0.78%), HT-S-3002 (0.52%), and HT-S/modified X-904
(0.24%). Flexural specimens of HT-S/X-904 that were two months old lost 0.15% by
weight as a result of heating for one hour at 450°K (350°F), An eight- by two-inch
panel of HT-S/X-904 lost 0.17% by weight when heated for one hour at 450°K (350°F).

Several prepreggers conducted extensive testing on neat epoxy resin samples. They
have conducted extensive temperature-hardness tests on 13 neat resin samples that
had heen stored for one or two years. These samples included ERR 4205, ERLA
4617, ERLA 0510, and DEN 438 resins; MDA, MPDA, and DADPS hardeners; as well
as the BFg MEA catalyst. Barcol hardness was monitored on the epoxy systems
through a heatup to 450°K (350°F), a hold at 450°K (350°F), cooldown to RT, and a
second heatup and hold cycle. All samples showed aging through loss of high-tempera-
ture hardness and all samples were rejuvenated through soaking at 450°K (350°F).
Similar phenomena can be induced in neat resins by exposure to high humidity.
Hercules subjected 4205/MDA, 4617/MDA, and 2256/MPDA neat resins to 100% rela-
tive humidity at 321°K (120°F) for 13 days. In all cases the resins degraded more
from this exposure than from two years of RT'aging. Post cure of four hours at
450°K (350°F) brought back the high=temperature properties of the neat resins. Heat-
distortion temperature (HDT) of the neat epoxy resins also degrades as a result of ex-
posure to water vapor. Degradations of 10% in HDT have been measured.

As a subcontractor on NAS8-26198, Fiberite conducted some calculations on the lower-
ing of heat distortion temperature as a result of water ingress into graphite/epoxy
composites. Water so absorbed could act as a plasticizer. Changes in HDT of up to 5%
are readily conceivable. Such changes could account for reductions in high-temperature

450°K (350°F) resistance.

Further exploratory testing of aging behavior was considered beyond the scope of this
contract, The program at this point was redirected to concentrate on polyimide com-
posite systems, Since this initial work in October 1970 NASA/MSFC has sponsored a
program to investigate this problem with epoxy composites. In the final report on
Contract NAS8-27435, "Investigation into the High-Temperature Strength Degradation
of Fiber-Reinforced Resin Composite During Ambient Aging, ' June 1973, it was con-
cluded that moisture was the problem affecting the epoxy resin systems.
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SECTION 3
HIGH-STRENGTH GRAPHITE /POLYIMIDE COMPOSITES

The availability of materials and their resistance to temperature were the primary con-
siderations in selecting the graphite fibers and polyimide resin systems for the char-
acterization studies. A guideline or criteria having a significant effect on the selection
of the resin was the requirement for (a) oxidative stabilit:- for 400 hours at 589°K (600°F),
and (b) a resin system that could be vacuum-bag, press, or autoclave cured.

3.1 GRAPHITE FIBER SELECTION

Section 2.1 of this report has an extensive discussion as to the types of graphite fibers
available at the initiation of this program. An objective of this program was to look at
one high-strength and one high-modulus graphite fiber in combination with two polyimide
resin systems, The HT-S and GY~70 fibers were selected, based on selection criteria
reported in Section 2.1, so that comparisons could be made between the graphite/epoxy
and graphite/polyimide data being developed on this program.

3.2 POLYIMIDE RESIN SELECTION

The selection of the resin systems for initial characteriation depended on the best
balance of laminate properties, handling characteristics such as tack and drape, and
reasonable process requirements such as time, temperature, and pressure. A program
guideline was that a maximum pressure of 793 KN/m2 (115 psi) and an initial cure tem-
perature of 450°K (350°F) would be allowed to cure the graphite/polyimide composite.

It is difficult to draw accurate conclusions from existing data concerning service life

at elevated temperature for laminates based on polyimide resins. This difficulty is

due in a large part to the range of quality (void content) normally obtained on laminates
made from polyimide resin systems available from different suppliers. Well-known
suppliers of polyimide resins include DuPont, Monsanto, TRW, and General Electric.
The recommended fabrication process differs for each of these resin systems. In
addition, the degree to which the various systems have been optimized from a fabrica-
tion process standpoint varies considerably. Aside from the basic thermal stability of
the polymer, the one single factor that most affects the service life of a plastic com-
posite at elevated temperature is the surface area of resin available for oxidative attack.
Differences in surface area for 30.5 by 30.5 by 0.32-cm (12- by 12~ by 1/8-inch) lami-
nates, which have been widely used for thermal aging studies, are functions of the void
content of the laminate. These relationships are graphically illustrated in Figure 3-1
(Reference 3-1). Low-void resin systems having substantially lower thermal oxidative
resistance may often appear to be superior to a more thermal resistant but porous sys-
tem when compared directly in thermal aging at certain time-temperature conditions.
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At the start of this program, there were
a number of polyimide resin systems
346 (50) |- available which potentially could meet
:\':";“2‘;::"‘ { program requirements. Various

- workers had developed low-void PI

416 (80!}

278 (40)

T

RT TENSILE STRENGTH, MN/m2 (KSI)

206 (30} - resins, Pl systems, PI processing,
PI prepreg, etc. The more significant
138 (2007 CONVENTIONAL P! : materials include TRW's P13N resin,
69 (10} [ {v.Cc.14-16%) Brunswick's BP-373 system, Aerojet's
(o) ‘ . . processing of Monsanto's Skybond 700,
12 250 500 750 1,000 Skybond 703, and DuPont's low-flow
TIME AT 589°K (600°F), HOURS Pyralin X222-84 prepreg. For example,
unlike conventional polyimides, P13N
Figure 3-1. Effect of Void Content on cures with only minimum evolution
Thermal Degradation of PI of volatile matter. The low-molecular-
Glass Laminate at 589°K weight precursors of P13N are much
(600° F) more stable than those used to form

other high-temperature resins., In addit-

ion, the TRW system requires no post-
cure. This advantage results in considerable time-saving in comm rison to the other
polyimides. There are two types of prepreg that can be used to fabricate components:
a tack-free, fully imidized prepreg, or a tacky, partially advanced prepreg. The
first approach produces laminates that evolve no volatiles. However, this system is
dry, quicker to cure, fairly stiff, and therefore, useful only for simple curvature or
flat shapes. The tacky version can be draped over fairly complex contours, but it
requires a separate imidization step to ensure low-void products. The processing
advantages of P13N also lead to improved composite properties (Reference 3-2). The °
strength retention at 562° K (550° F) after 1000 hours was even greater than 60% of the
original 562°K (550° F) strength,

Although the P13N resin system has several advantages, it also possesses a number
of disadvantages. The type of components that can be fabricated is limited by the cure
cycle. Very little processing information exists on this resin cured below 533°K
(550°F). Extensive data has not yet been obtained to fully determine its heat-resistant
capabilities. A final important consideration is cost. The price of P13N is two to
three times that of the other commercially available polyimides.

A limited amount of work has been conducted using the P13N resin with boron and
graphite compoites. An example of the types of properties obtainable with high-
pressure lamination of graphite/P13N prepreg is shown in Table 3-1 (Reference 3-?).

Based on the data available and the experience of Convair Aerospace personnel and

other investigators with the P13N resin system, it was dropped from consideration
as a candidate system for the characterization study.
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Table 3-1. Comparison of Hercules HT-S/P13N Composites
Made With Various Laminating Pressures

Test Laminating Pressure
Temp. Mechanical P 2 P
K (°F) Property 2069 KN/m"“ (300 psi) |1380 KN/m" (200 psi) | 690 KN/m" (100 psi)
297 (75) | Flex. Strength 1538 (223) 1462 (212) 1572 {228)

MN/m? (ksi)

Flex Modulus 148 (21.5) 145 (21.0) 161 (23.3)
GN/m?2 (106 psi)
Short Beam Shear 84,8 (12.3) 98.6 (14.3) 97.9 (14.2)
MN/m?2 (ksi)

589 (600)| Flex. Strength 896 (130) 834 (121) 758 (110)
MN/m? (ksi)
Flex Modulus 146 (21.2) 143 (20.8) 152 (22.1)

GN/m? (10° psi)

Short Beam Shear 54,2 (7.82) 59.9 (8.55) 54,9 (7.87)
MN/m2 (ksi)

The Brunswick BPI-373 system ekhibits low void content and service life at 589°K
(600°F) in excess of 2000 hours. At present it is a proprietary system, and available
only in the form of a glass or quartz prepreg or a fabricated part.

B-staging and fabrication processes, developed by Aerojet for Skybond 700 and Sky-
bond 703, have yielded low-void content laminates having physical properties equiva-
lent to epoxy systems along with good elevated temperature strength and stability.
However, the processing is lengthy and has proven difficult to reproduce by other
workers.

Convair Aerospace has conducted extensive evaluations and processing R&D using
modifications of the Aerojet cycle with both glass/polyimide and quartz/polyimide.
With a 346 kN/' m (50~psi) autoclave cure, Convair Aerospace found no difference
in advancement (modified Aerojet cycle) techniques, conventional techniques using
dielectric monitoring, or a combination of advancement and dielectric monitoring
techniques, Table 3-2 is a summary of the data obtained by Convair Aerospace
from 30.4 by 30.5-cm (12- by 12-inch) laminates.

. The DuPont Pyralin X222-84 "low-flow' polyimide is available only in a preimpregnated
fabric form. It is apparently based on one of their earlier resins systems, and is a
large improvement over the previous DuPont prepreg. Glass~-reinforced composites
having void content of 10% or less may be fabricated with this material.
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Table 3-2. Comparison of Test Panel Results on Quartz/703 Polyimide as a
Function of Cure Technique (Room Temperature Data)

Flexural Flexural Tensile Tensile Void
Strength Modulus Strength Modulus Content
2 6

Technique MN/m2 (ksi} [GN/m (10‘3 psi) MN/m2 (ksi) GN/m2 (10 psi) (%)
Advancement

1 592 (85.4) | 22.3 (3.23) 528 (75.5) | 25.8 (3.74) 13.2

2 549 (79.4) { 20.5 (2,97) 514 (73.5)!} 25.9 (3.76) 13.4

3 556 (79.8) | 20.3 (2.95) 507 (72.8) | 25.7 (3.73) 13.1

4 613 (88.1) | 22,2 (3.22) 514 (74.0)| 26.1 (3.79) 14,2

Avg., 577 (83.2) § 21.3 (3.09) 514 (74.0)} 25.9 (3.76) 13.5
Dielectric Monitoring

1 592 (84.7) | 23.4 (3.40) 479  (6B.8) | 26.6 (3. 85) 12,0

2 620 (88.8) | 24.0 (3.48) 479 (69.4) | 26.3 (3.81) 11.4

3 599 (86.3) | 23.2 (3.37) 479 (68.9) ] 24.6 (3.5T) 12.0

4 563 (81.2) | 21.6 (3.13) 535 (76.8) | 25.7 (3.73) 10.0

Avg, 592 (85.3) | 23.1 (3.35) 493 (71.0) ] 25.8 {3.74) 11.4
Combination

1 549 (78.8) { 21,1 (3.06) 514 (74.2) | 23.8 (3.45) 12.2

2 627 (90.3) | 20.8 (3.02) 535 (76.7) | 25.2 (3. 65) 10.7

3 620 (88.9) | 22.6 (3.27) 514 (73.5) 28.0 (4.07) -

4 599 (86.0) | 21.2 (3.08) 521 (75.3) | 24.8 (3.59) -

Avg, 599 (86,0) | 21.4 (3.11) 521 (74.9) | 25.4 {3.69) 11.5

From a thermal stability standpoint, the DuPont polyimides appeared to have an ad-
vantage over most of the other available resins. However, the development of low-
void, fiber reinforced composites made with DuPont polyimides had not progressed
as far as those made with other systems such as Skybond 703. Boeing had reported
data on boron composites made with this resin up to 505° K (450° F) (Table 3-3). A
low-flow resin, DuPont 4707, prepregged by U.S. Polymeric on Modmor I and boron
gave low-void laminates having very high room-temperature properties.

General Dynamics had worked with two low-flow resins developed by Monsanto:
Skybond 709 (a low-flow version of Skybond 700) and Skybond 710 (a low-flow version
of Skybond 700). Convair Aerospace evaluated the Skybond 709 resin system for use
at 616°K (650°F), and Table 3-4 shows variation of properties with cure cycle, This
preliminary information showed that the long-term heat resistance may not be as good
as that reported for the BPI-373 (see data for improved PI - Figure 3-1). However,
the handling characteristics of the Skybond 709 prepregs are better than those of the
BPI-373, and the blend of mechanical properties and handling characteristics was

the goal of this program.
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Table 3-3. Properties of Boron/X222-84 Polyimide Composite

Boron Source Hamilton Standard
Resin Matrix: DuPont, type X222~84
Volume Fraction of Boron Filaments: 50% 45

Modulus of Elasticity 297°K and 505°K 2 6
(77°F and 450°F): 206 GN/m~ (30 x 10 psi)

Ultimate Tensile and Compressive 2
Strength at 279°K (75°F): 1379 GN/m" (200 ksi)

Ultimate Tensile and Compressive 9
Strength at 505°K (450°F): 1007 GN/m™ (146 ksi)

Convair Aerospace initiated the evaluation of graphite-reinforced-polyimide composite
materials in 1967, Initial laminates using Thornel 50 graphite yarns (heat cleaned) and
Skybond 703 polyimide resins (Monsanto Company) were of poor quality. Convair Aero-
space contacted the various polyimide-resin manufacturers to obtain more processable
systems and selected the Skybond 710 polyimide resin. Typical properties of this polyi-
mide system are listed here with a rating of importance for each.

Property Range Rating
Solids 53 to 57% - Medium
Viscosity 2000 to 9000 cps High
Specific Gravity 1.09 to 1. 14 Low
Gel Time 5 to 20 minutes High
pH 4,0t03.8 High

Laminates were made with both Modmor II and Courtaulds HTS graphite filaments, and
the Skybond 710 polyimide resin using vacuum-bag only, or autoclave-augmented

cure pressures. The typical cure schedule developed was based on simple viscosity
versus time and temperature tests.

A summary of typical physical and mechanical properties measured for graphite-rein-
forced-polyimide laminates is given in Tables 3-5 through 3-7. The main points of
interest are as follows.

a. Postcure may be minimized for specific graphite/polyimide composites used for
562°K (550°F) temperature applications.
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Table 3-5. Summary of Preliminary Graphite/
Polyimide-Composite Results

Construction Test Ultimat
Graphite| Orientation/ Temp. 21ma €
Material Svstem Vol. (%) Plies Property | K (°F) | MN/m (ksi)
Courtaulds HTS/Polyimide 70 [0]6 Tension (L) [ 297 (75) 668 (96)
(710)
Courtaulds HTS/Polyimide 70 (0] 5 Tension (L) | 589 (600) 690 (100)
(710)
Courtaulds HTS (P13N Finish)/ 70 [0]6 Tension (L) | 297 (75) 654 (94)
Polvimide (710)
Courtaulds 1I'TS (P13N Finish)/ 70 [0]6 Tension (L) | 589 (600) 668 (96)
Polvimide (710) (NPC)*
" Courtaulds HTS-Asbestos/ 45 |[(HTS /A90)3) Tension (L) | 297 (75) 367 (53)
, . 0 S
~ Polvimide (710)
i
|
| Courtaulds HTS-Asbestos/ 45 [(HTSO/AQO)SJS Tension (T) | 297 (75) 54 (7.8)
i Polvimide (710)
 Courtaulds HTS-Asbestos/ 45 ([(HTS 0/A90)3]s Tension (T) | 297 (75) 53 (7.7)
v Polyimide (710) (NPC)
)
Courtaulds HTS/Polvimide 70 [0]6 Shear (1) 297 (75) 26 (3.7
(710)
Courtaulds HTS (P13N Finish)/ 70 [0]6 Shear (L) 297 (75) 54 (7.8)
Polvimide (710)
Modmor II/Polvimide (710) 48 [0]6 Tension (T) 207 (75) | 1145 (166)
(NPC)
Modmor II/Polyimide (710) 48 [0]6 Tension (T) {297 (75) 20 (2.9)
(NPC)
Modmor 11/Polyimide (703) 56 [0]6 Tension (L) |297 (75) | 1089 (158)
(NPC)
Modmor {I/Polyimide (703) 56 [0_|6 Tension (T) | 297 (75) 35 (5.3)
(NPC)
Modmor II/Polyimide (703) 65 [0} o Tension (L) |297 (75) | 1214 (176)
) (NPC)
Modmor 11/Polyimide (710) 52 [0]6 Tension (L) {297 (75) | 1324 (192)
(NPC)

* NPC indicates final cure temperature was 450°K (350°F),




Table 3-6. 562°K (550°F) Tensile Results for 450°K (350°F) Cured
Graphite /Polyimide Laminates

Average T
Calc. Ultimate Retention
Laminate Density | Graphite of RT
Material System Cure Pressure (em/cc) | (Vol. %) MN/m2 (ksi) Strength
Modmor II/710 Vacuum Bag 1.51 47
Specimen No, 1 606 (87.3)
Specimen No. 2 585 (84.5)
Specimen No. 3 738 (106.6)
Specimen No, 4 606 (87.1)
Avg, 640 (91,6) 59
Modmor 11/710 Vacuum Bag - 521 kN/m2(75 psig) 1.59 52
Specimen No. 1 924 (134. 1
Specimen No. 2 841 (122.4)
Specimen No. 3 758 (110.2)
Specimen No, 4 979 (141.8)
Avg, 876 (127.1) 66
Modmor II/703 Vacuum Bag (Only) 1.48 56
Specimen No. 1 640 (92.5)
Specimen No. 2 724 (105.4)
Specimen No. 3 786 (113.9)
Specimen No. 4 717 (104.3)
Avg. 717 (104, 1) 66
Modmor I[I-Asbestos/| Vacuum Bag (Only) 1.50 47
703
Specimen No. 1 633 (91.3)
Specimen No. 2 710 (103.2)
Specimen No. 3 633 (91.0)
Specimen No. 4 592 (84.0)
Avg, 647 (92.6)| No RT Control

Table 3-7. Initial 589°K (600°F) Tensile Results for High-Fiber-Volume
Graphite Polyimide Laminates

Construction Test
Graphite | Orientation Temp. Ultimate

Material System (Vol. %) Plies Property | °K (°F) | MN/m2  (ksi)
Courtaulds HTS/Polyimide 70 o‘5 Tension (L) | 297 (75) 668 (96)
(710)
Courtaulds HTS/Polyimide 70 0 o Tension (L) | 589 (600) 690 (100)
(710)
Courtaulds HTS (P13N 70 0‘5 Tension (L) | 297 (75) 654 (94)
Finish)/ Polyimide (710)
Courtaulds HTS (P13N 70 06 Tension (.- ; 589 (600) 668 (96)
Finish)/Polyimide (700)




b. P13N polyimide finish on graphite fiber may improve composite interlaminar-
shear-strength properties.

c. Graphite/polyimide laminates having less than 10% voids can be made with com-
mercial polyimide resins using low-pressure cure techniques.

d. Graphite/polyimide laminates having tensile-strength properties competitive with
graphite/epoxy laminates have been developed.

Under Convair Aerospace-sponsored IRAD studies (Reference 2-4), preliminary
investigations were conducted using HT-S graphite fiber and Modmore Type II
graphite fiber preimpregnated with Monsanto's 710 polyimide resin. The data
obtained from these studies is shown in Table 3-8.

Table 3-8. Preliminary Tensile-Properties of Convair Aerospace-
Developed, Graphite/Polyimide Laminates

Specific | Calc, Uitimate Strength
Laminate Gravity |Graphite { Igng.) o Modulus
Material Syvstem Cure Pressure (gm/cc) |[(Vol. %) MN/m (ksi) GN/m”™ (msi)
Modmor 11/703 Vacuum Bag
only (VD)
Specimen No. 1 1110 (160.8) 123 (17.8)
Specimen No, 2 Avg, Avg. 965 (140.1) 136 (19.8)
Specimen No. 3 1. 4% 58 1083 (157.0) 126 (18.2)
Specimen No. 4 1207 (175.4) 125 (18,1
Avg. 1089 (158.4) | Avg, 128 (18.5)
Modmor 1I/710
Specimen No, 1 R69 (125.8) 133 (19.3)
Specimen No. 2 Avg. Avg. 1248 (181.1) 141 (20.4)
Specimen No. 3 1.51 48 1172 (170.4) 152 (22.1)
Specimen No. 4 1020 (148.1) 126 (18.3)
Avg., 1076 (156.4) | Avg. 138 (20.0)
Modmor 11/703 VB/521 kN/m2 (75 psig)
Spceimen No, 1 Avg. Avg, 1069 (154.8) 140 (20.3)
Specimen No, 2 : 1.56 65 1351 (195.7) 128 (18.6)
Avg. 1207 (175.3) Avg, 134 (18.5)
Modmor I1/710 VB/521 kN/m2(75 psig)
Specimen No,. 1 1351 (195.5) 129 (18.7)
Specimen No. 2 Avg. Avg. 1386 (200.9) 135 (19.6)
Specimen No. 3 1.59 52 1276 (185.3) 166 (24.1)
Specimen No. 4 1296 (187.5) 149 {21.6)
Avg, 1324 (192.3) | Avg. 145 (21.0)




Based on the data obtained from the literature, data generated at Convair Aerospace and
discussions held at NASA-MSTC, the Monsanto 710 and DuPont 4707 resins were selected
for evaluation in the characterization study. These resins were selected for the follow-
ing reasons:

Commercially available — several prepreg companieshad experience with
these systems.

de

b, Prepregs using these resins had good tack and drape.

c¢. Processing requirements are amenable to the fabrication of large parts.

3.3 GRAPHITE/POLYIMIDE CHARACTERIZATION

One pound of each of the four graphite/polyimide resin prepregs was obtained from
Fiberite Corporation. Table 3-9 summarizes the material designations, supplier,
batch numbers, ete., for the various prepregs. Table 3-10 summarizes the prepreg
testing in support of the resin-evaluation program. The procedures for obtaining
volatile content, resin content, percent flow, and for running the process gel test are
summarized in Appendix G.

Table 3~9, Materials Flow Chart

Material Quantity Batch Date of
Material Designation Supplier | (pounds) No. Receipt
Graphite/Polyimide | hy-E-1512 Fiberite 1 OB68 8-5=70
hy-E-1312-B | Fiberite 1 0B69 8-5=-70
hy-E-1313-B | Fiberite 1 OB70 8-5~70
hy-E-1513 Fiberite 1 OB67 8-10~70
Table 3-10. Graphite/Polyimide Prepreg Test Results
Material Batch Avg. % | Avg. %) Avg. % Process Gel
Designation No, Fiber { Resin | Volatiles | Resin Flow Test Results Observations
hy~E-1513-B | OB67 GY-70 | 4707 14.8 35.4 29,3 Gelled at 436°K (325°F) |Very tacky
after 3 minutes
hy-E-1512 OB68 GY-70 710 13.9 28.3 21.2 Gelled at 436°K (325°F) |Slight tack, small
between 0 and 2 number of gaps
minutes
hy-E-1312-B| OB69 HT-S 710 14.1 23.9 20.5 Gelled at 436°K (325°F) [Fairly dry, lowflow
after 3 minutes into bleeder
hy-E-1313-B{ OB70 HT-S 4707 14,8 31.8 22,9 Gelled at 436°K (325°F) |Very tacky, fully wet
after 3 minutes 4 plies bleeder
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3.3.1 PANEL FABRICATION. Ten-ply unidirectional panels 25.4- by 15.2 cm

(10- by 6-inch) were fabricated for each of the systems selected for the characteriza-
tion study. Material-supplier-specified cure cycles for vacuum-bag, press, and auto-
clave curing of the composites were used in this initial study. The lay-up used in this
study is shown in Figure 3-2. Prepreg sheets as well as Process Control Sheets were
used for each of the four lots of prepreg and twelve laminates (see Section 2.2 of this
report). All graphite/polyimide panels received a staged post-cure cycle of 1 hour at
450°K (350°F), 4 hours at 505°K (450°F), 16 hours at 533°K (500°F), 4 hours at 589°K
(600°F) and 4 hours at 616°K (650°F)., Vacuum bag, press, and autoclave cures were

attempted with each system,

= W O O

"] —=—— ALUMINUM CAUL PLATE

-«—— TEFLON FILM
—«—— 2 PLIES MAUCHBURG PAPER CW-1850
—«—— TEFLON COATED GLASS FGO-3

| ~=—— 10-PLY GRAPHITE/POLYIMIDE LAYUP

—- TEFLON COATED GLASS FGO-3

— 2 PLIES MAUCHBURG PAPER CW-1850

—«—— TEFLON FILM

|z »©

[ | —«—— ALUMINUM CAUL PLATE

Figure 3-2. Typical Graphite/Polyimide Cure Lay-up

I. POLYIMIDE PREPREGS

A. Material Designation
Fiber Type:
Material Form
Batch No.:

Resin
Manufacturer:

1. Fabrication Procedure
(Autoclave Cure)

Mold Release

Layup:

Separator Film:

Bleeder

hy-E-1513

GY-70 (continuous)

30,5~ by 91.5-cm (12~ by 36-inch) sheet
OB67

DuPont 4707

Fiberite

Teflon Film

10 plies unidirectional, (25.4 by 15.2 cm)
(10 by 6 inch)

Teflon-coated glass cloth, FGO-3, 0,0028~
inch thick

4 plies Mauchburg paper CW-1850
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Special Instruction:

Cure Pressure:

Cure Cycle:

Post Cure:

2, Fabrication Procedure:

(Press Cure)
Cure Pressure:
Cure Cycle:

Post Cure:

3. Fabrication Procedure:

(Vacuum Bag)

Cure Pressure:

Cure Cycle:

Post Cure:

B, Material Designations:

Fiber Type:
Material Form:
Batch No.:
Resin:
Manufacturer:

A Corprene 0.95 cm (3/8 in.) dam was used
around the periphery of layup. Bleeder material
was placed on both sides of the prepreg (2 plies
each), One-ply Teflon film (nonperforated) was
used over the bleeder. A 25.4- by 15.2- by
0.64-cm (10- by 6- by 1/4~inch) aluminum plate
was used as a pressure plate over the Teflon
film, was covered in turn by 3 plies of 181 style
glass cloth (for venting), and enclosed by a
vacuum bag.

760 mm (29 in.) Hg. vacuum plus 690 kN/m2
(100 psi) autoclave pressure, Vacuum bag was
applied at room temperature, and 690 kN/m2
(100 psig) was applied at 450°K (350°F) and main=-
tained through entire cure cycle and cool down to
below 344°K (160°F).,

Heat to 450°K (350°F) at 1 to 3°K/min (3 to 5°
F/min), hold for 1 hour, and cool to below
344°K (160°F).

1 hour at 450°K (350°F), 4 hours at 505°K (450°F),
16 hours at 533°K (500°F), 4 hours at 589°K
(600°F), 4 hours at 616°K (650°F).

Same as fabrication procedure 1. A.1.

Same as I.A. 1.
Same as 1.A. 1.
Same as I, A. 1.

Same as fabrication procedure 1. A. 1.

Vacuum bag applied at room temperature and
held throughout the cure cycle.

Same as 1. A. 1 except 2 hours at 450°K (350°F).

Same as I.A. 1.

hy-E-1512

GY-70 (continuous)

30.5- by 91.5~cm (12- by 36-inch) sheet
OB68

Monsanto 710

Fiberite
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All fabrication procedures, cure cycles, and postcure cycles are identical to
II,A.1, 2, and 3.

C. Material Designation: hy-E-1312B
Fiber Type: HT-S (staple)
Material Form: 30.5- by 114-cm (12- by 45-inch) sheet
Batch No.: 0OB69
Resin: Monsanto 710
Manufacturer: Fiberite

All fabrication procedures, cure cycles, and postcure cycles are identical to
I1.A.1, 2, and 3.

D. Material Designation: hy-E-1313B
Fiber Tvpe: HT-S (staple)
Material Form: 30,5- by 114-cm (12~ by 45-inch) sheet
Batch No,: OB70
Resin: DuPont 4707
Manufacturer: Fiberite

All fabrication procedures, cure cycles, and postcure cycles are identical to
1.A.1, 2, and 3.

3.3.2 MECHANICAL PROPERTY TESTS. Test specimens were obtained from each
panel per the cutting diagram shown in Figure 2-10. Flexural tests, both longitudinal
and transverse, were conducted at 77°, 297° and 589°K (-320, 75 and 600°F). The
longitudinal flexure tests were conducted with a three-point loading system, and the
transverse flexure tests were conducted with a four-point loading system. A span-
to-depth ratio of 32:1 was used for the longitudinal flexure tests. A notched-interfiber-
shear specimen was used initially because it is believed by Convair Aerospace that

this type of specimen evaluates the shear capability of the advanced composite system
under test to a much higher degree than the short-beam-shear specimen. However,
short-beam-shear specimens were tested throughout the remainder of the program,
because the majority of interlaminar shear data currently available were obtained

on this type of specimen. The 77°K (~320° F) tests were conducted after a five-

minute soak, while the 589° K (600° F) specimens were exposed to 2 10-minute tempera-
ture soak before testing. The test specimens used in this program are illustrated

in Volume II. Laminate resin contents were determined using a stO 4/H20 digestion
method, as detailed in Volume 1I. Specific gravity was determined for each panel

per Federal Test Method Standard No. 406, Method 5011.

3.3.3 GRAPHITE/POLYIMIDE SYSTEMS. A summary of the data obtained on the
graphite-polyimide systems is presented in Tables 3-11 and 3-12. Again the major
difference between the two fiber systems was the higher strength of the HT-S composites
compared to the GY-70 composites. Also, the lower shear strength and transverse
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Table 3-11. Evaluation of High-Strength Graphite Polyimide/Systems
HT-S/710 HT-S/4707
Cure Cycle* Cure Cycle*
1 2 3 1 2 3
Longitudinal Flexure
Strength MN/m?2 (ksi)
77°K (-320°F) 958 (139.0) | 1131 (163,9) | 869 (126.4) | 814 (117.6) - 958 (138.9)
297°K (75°F) 717 {104.3) | 1048 (152.3) | 1089 (157.8) | 577 (82.7) - 945 (137.3)
589°K (600°F) 339 (49.1)| 675 (97.4) | 430 (61.8)] 606 (87.4) - 458 (66.2)
Longitudinal Flexure
Strength MN/m?2 (ksi) after
200 hours at 589°K (600°F) :
297°K (75°F) 800 (116.5) | 779 (113.1) |1145 (165.7)| 758 (109.9) - 731 (106.2)
Transverse Flexure
Strength MN/m? (ksi)
297°K (75°F) 18 (2.6) 10 (L4 30 .4 14 (2.0 - 24 (3.5)
589°K (600°F) 21 (3.1 11 (L8| 23 (3.3 15 (2.1 - 15 (2.1)
Specific Gravity 1.44 1.54 1.42 1.45 - 1.46
Resin Content (%) 41.3 35.0 34.0 29.0 - 26,2
Fiber Volume (%) 53.1 59.6 60.8 66.0 - 69.1
Calculated Void Content (%) 9.5 4.6 12.4 11.5 - 11.4
* Cure Cycle 1 — Vacuum Bag; Cure Cycle 2 ~ Press; Cure Cycle 3 — Autoclave
Table 3-12. Evaluation of High Modulus Graphite/Polyimide Systems
GY-70/710 GY-70/4707
Cure Cycle* Cure Cycle*
1 2 3 1 2 3
Longitudinal Flexure
Strength MN/m2 (ksi) ,
T7°K (-320°F) 592 (85.2) (126.1) | 690 (99.8) | 682 (97.7) | 613 (88.2) | 765 (111.0)
297°K (75°F) 563 (80.5) (108.2) | 599 (86.2) | 577 (83.0) | 549 (78.8) | 599  (86.3)
589°K (600°F) 444 (63.8) 1640 (91.5) (592 (85.4) | 577 (82.6) | 521 (75.0) {493  (70.6)
Longitudinal Flexure
Strength MN/m2 (ksi) after
200 hours at 589°K (600°F) .
297°K (75°F) 563 {80.7) |690 (99.7) {570 (82.3) | 549 (79.2) | 570 (81.9) | 592  (85.0)
Transverse Flexure
Strength MN/m2 (ksi)
297°K (75°F) 7.6 (1.1) - 10 (1.5) - - -
589°K (600°F) - - - - - -
Specific Gravity 1.52 1.64 1.52 1.45 1.45 1.46
Resin Content (%) 24.6 26.9 34.7 29.0 32.1 26.2
Fiber Volume (%) 68.6 66.1 57.5 66.0 62.6 69.1
Valculated Void Content (%) 14.6 6.9 11.4 11.5 7.9 11.4

* Cure Cycle 1 — Vacuum Bag; Cure Cycle 2 — Press; Cure Cycle 3 — Autoclave
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strength of the GY-70 composites became critical. Several of the GY-70 fabricated
panels had longitudinal cracks, and transverse flexural strength was very low or non-
existent. The data from specimens aged at 589°K (600° F) for 200 hours and then tested
at room temperature indicated nearly a 100% retention of the initial strength, Calcu-
lated void content for the GY-70 graphite-polyimide laminates in general ran slightly
higher than for the HT-S composite laminates. Resin content for the GY-70 laminates
was found to be below the desired value of 30% in four out of six laminates. Therefore,
based on this data, and the fact that the HT-S fiber was selected for use with the epoxy-
resin systems, it was decided that the HT-S fiber would be used for the remainder of
the polyimide-resin portion of the program.

The two polyimide-resin systems, 710 and 4707, were initially selected for evaluation
because of their controlled flow characteristics and because both systems could be cured
by all three processing techniques: vacuum bag, press, and autoclave. Some difficulty
was encountered in curing the HT-S/4707 laminates in that volatiles were easily en-
trapped and the polyimide resin precipitated to the bottom of the laminate. Void con-
tents were higher and resin contents lower with the HT-S/4707 laminates than with

the HT-S/710 laminates. Both resin systems showed increases in strength at 77°K
(-320° F) compared with room-temperature strength values. The strength values
achieved at 589°K (600°F) were far below fhose expected and probably were caused by
volatile entrapment,

Fiberite Corporation was contacted as to the prepregging characteristics of the two
polyimide-resin systems. They stated that the 710 resin system was easier to handle
from the prepregging standpoint. Also, problems incurred by other investigators in
using 4707 resin with either graphite or boron fibers were influential in selection of
the 710 resin system for further process optimization.

3.4 POLYIMIDE RESIN CHARACTERIZATION

The Monsanto polyimide varnish Skybond 710 was selected for development in this
program. Early screening of a number of polyimide resin systems such as Dupont
4707, Skybond 703, and P13N indicated that the Skybond 710 res%n system possessed
the best compromise of an autoclave curable system [ 690 kN/m“ (100 psi) and 450°K
(350° F), maximum] having high-temperature properties.

3.4.1 COMPOSITION OF SKYBOND 710 POLYIMIDE RESIN, Skybond 710 is specula-
ted to be made from approximately the following formulation.

BTDA (benzophenone dianhydride) 31 parts
Aromatic Diamine* 19 parts
Solvent [ (Et OH/Xylene/NMP (5/3/1)] 50 parts
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Inorganic Ash 4 parts
Amine Catalyst Trace

* MDA was assumed in the calculation of this recipe and agrees well
with the expected stoichiometry determined experimentally,

It is felt from the studies that the BTDA in Skybond 710 has been reacted with technical
grade ethanol (approximately 5% water = 12 mol % water) to yield an acid ester. The
speculated ratio of acid groups to ester groups is about 1.1 to 1.0. The actual solution
composition of Skybond 710 as it is used is felt to have the following composition:

Acid Esters of BTDA 38 parts
Aromatic Diamine 19 parts
Solvent [(Et OH/Xylene/NMP (3/3/1)] 43 parts
Inorganics 4 parts

3.4.2 SOLVENTS EMPLOYED IN SKYBOND 710 POLYIMIDE VARNISH. The volatile
liquids present in Skybond 710 include ethanol, xylene, NMP (N-methyl - 2-pyrrolidone)
and water, Since the resin componenis are completely soluble in such solvents as
methyl ethyl ketone, the complex mixture used obviously serves a function beyond that
of a solvent. All the solvents used will form azeotropes with water and may therefore
be present to help remove reactive volatiles (water); however, it seems more likely the
primary reason for the choice is to aid in processability by preventing precipitation of
the polymer before molecular weight buildup can occur,

The normal sequence of solvent evolution depending on the heating cycle is an initial
loss of ethanol present as solvent along with the water present initially. The percent
xylene evolved increases with time and femperature, and as reaction hegins the per-
cent water increases and reactive ethanol volatile is present, Finally, NMP, boiling
point 475°K (396°F), begins to evolve. No firm statements can be made about solvent
evolution because it, of course, varies with temperature and heat rate, Table 3-13
shows the solvent evolution for a vacuum strip followed by heating under vacuum.

The Skybond 710 was distilled under both ambient pressure and reduced pressure, approxi-
mately 665 N/m2 (5 mm Hg)., Various fractions were taken at several different tem-
peratures. The temperature was raised as the rate of distillation at any given temper-
ature was greatly reduced. The fractions collected were then analyzed both qualitatively
and quantitatively with the use of an F & M Model 810 analytical gas chromatograph.

A silicone gum rubber column was employed for component separation, The chromato-
graph is equipped with a flame ionization detector, This detector is extremely sensi-

tive for most compounds (can detect parts per million), but is insensitive to water

(a possible reactive volatile),
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Table 3-13. Reduced Pressure Distillation of Skybond 710

Temp. Range Pressure Range % of Total %Residueat % EtOH" % Xylenea % NMP® % H 0b

Sample of Cut of Cut Vol. in Cut End of Cut  in Cut in Cut in Cut in Cut
Cutl 298°K (78°F) Reduced to main- 56.7 - 36 19 1.7
tain boil in pot
C C c
Cut 1B 298°Kt0 338°K 5 mm 8.6 €9 2, 7d 1.4 0.4d
(78°F to 149°F) 3.3 0.9d 0.1
Cut2  338°Kto 443°K 5 mm 34.7 51.9 9.26  10.2 10.1 5.6
(149°F 10 338°F) —_— —_— —
TOTALS 100 51.3 31.5 10.1 7.8
[\ J—
100%

i
aDetermined by VPC, )Determined by Karl Fisher Titration, cUpper Phase, dLower Phase

Some important facts about the solvent system are as follows:

a. Ethanol is present both as a solvent and as a reactive volatile.

~b. Because four major volatiles are present (ethanol, water, xylene, NMP),
a change in cure cycle can drastically change the composition of solvent
evolution at a given time in the reaction and therby change the product.

¢. NMP boils at a very high temperature 475°K (396°F) and care must be taken
that its removal does not cause void problems,

d. Xylene (according to Monsanto) is essential for flow control. Since xylene
is preferentially lost through polyethylene bags, aluminum foil or similar
nonporous material is recommended for storage and shipment of prepregs.

3.4.3 INORGANIC COMPONENTS OF SKYBOND 710 POLYIMIDE VARNISH. Approx-
imately four parts by weight of inorganic material, based on total resin solution, were
found following a burnoff at 1075°K (1475°F). This was presumably Cab-O-Sil* or simi-
lar material for flow control.

Figure 3-3 is a graph of vacuum strip at ambient temperature, followed by heating to
436°K (325°F) under vacuum, and finally a 1075°K (1475°F) burnoff.

3.4.4 REACTION KINETICS FOR SKYBOND 710. A concentrated effort was made to
obtain reaction rate data on the Monsanto Skybond 710 polyimide varnish, Initially, it
was planned to conduct studies on cast, self-supporting polyamic acid films (from Sky-
bond 710). These films would then be aged at three different temperatures. An infra-
red spectrum would then be taken at certain time intervals. The increase in absorption
of the imide band would then be plotted versus time to obtain the desired rate constants
(k values). In essence, this is what was done. However, since the Skybond 710 varnish

* Cabot Corporation Trade Mark
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does not lend itself to film formation (presumably due to a low molecular weight pre-
cursor), KBr pellets had to be made for every determination. However, it was ob-
served that KBr accelerates the conversion reaction rates of polyamic acid to polyi-
mide. Therefore, the fabrication of a new KBr pellet for each IR determination at a
given time for a given temperature was made necessary. Experimental details of the
procedure used are described below.

The imidization rate of Skybond 710 was determined by following the appearance of an
absorption band at 713 em™1, There were many absorption bands in the neighborhood
of 713 cm~!, The absorption at 713 cm~1 was therefore determined by assuming the

neighboring bands to be symmetrical (Lorentzian). A base line of
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713 cm'1

P _was then determined (see sketch), The baseline method was then used to determine

)
P, and absorbance was found from
Po
A = —
log P

To avoid a negative log, log 1-A = log P/ Po was in fact determined.

Since the spectrum was determined in a KBr pellet and a new pellet was prepared for
each determination, an internal reference was needed. The band at 1340 em-1 was
chosen for this purpose because it appeared to be least affected during the imidization
reaction. A method similar to that mentioned earlier for the 713 cm~! band was used
to determine Po for the 1340 em=1 band.

From the equation

P -abc
P = 10
a
where
A = absorbance
P0 = incident power

P = transmitted power
P/P0= transmittance

a = absorbtivity constant

b = cell width

¢ = concentration
then log
P
= -ahc
(o]
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and

P
log _ _ _ -1
[ J 1340 em™> 21340 em™t P340 1340 om

-a
logg-
-1
Po 713 cm

- -1 -1
for a given pellet, and a1340 cm /{i 713 cm = constant for this

3 -1
713 cm™! ®) 713 € 713 em

since b1340 = b71$f
system = K, then if we set c1340 =1
P -1
©J1340 cm _K ~Kx1
P T c Mole fraction of material
log —| 713 .
- causing absorption at 713
o}l 713 cm

The rate constant for the reaction at a given temperature can now be determined by
plotting

1 p
*[feed)
_I;o_ﬁg versus time and multiplying slope by 2,303
log ‘_)
( 1:'o 713
de de
— = — = Kd
& ke and - t

f(:_c fkdt=1nc=kt

by substitution

m [K ]

o

log o _
Po 1340 cm 1

(log —)
Po 713 cm

e}

1

N

- 2,303 log (log P

-1
o 1340 cm = kt-InK

P .
(hg Po) 713 cm~1
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From the form y = mx+b, if the reaction is first order and therefore the Alog ¢/t =
constant then In K should = y intercept.

21340 cm™

713 cm

The reaction rate curves for 710 are presented in Figures 3-4, 3-5, and 3-6 for 373,
398, and 436°K (212, 257, and 325°F) respectively. Figure 3-7 presents these curves
on one plot and Figure 3-8 shows a plot of 1/T x 103 versus log 10 k to obtain the activ-
ation energy (~E*) for the reaction.

InK =

On examination of the reaction rate curves (Figures 3-2 to 3-7) it is apparent that the
reaction is quite slow at 373°K (212°F), about 10 to 12 hours for more than 90% con-
version, while at 436°K (325°F) it is quite rapid - about 10 mimtes for more than 90%
conversion. The k values (reaction rate constants) and relative rate of reaction

(kx/k, 100° C) are given in Table 3-14.

The reaction rate of the 710 varnish is quite similar to the amine catalyzed conven-
tional polyamic acid but quite different from the uncatalyzed polyamic acid, This
would lead one to believe that the Monsanto 710 polyamic acid does indeed have a
catalyst constituent possibly in the form of an amine salt of the polyamic acid.

Table 3=14, Reaction Rate Constants for 710 Polyimide Varnish

° ° : -1
Temperature, °K (°F) k (min ) kx/k, 373°K (121°F)
373 (212) 14,4 x 107 1
398 (257) 5.0 x 10=3 3.4
436 (325) 17,3 x 1072 180

The rate of reaction at 436°K (325° F)1s 180 times that at 373°K (212°F). Of special
interest are the reaction rates determined by Kreuz* et al for conventional polyamic
acid and tertiary amine catalyzed polyamic acids. These values are given in Table
3-15 along with the k determination for Skybond 710 at 436°K (325°F).

The activation energy for the conversion of 710 from polyamic acid to polyimide appears
to be about 25 kcal/mole + 1 kcal/mole. This plot is shown in Figure 3-8. The three
points give a nice straight line as they should. However, additional points would be
required for a more accurate determination,

*J, A, Kreuz et al, J. Polymer Sci., A-1, 4, 2607 (1966)
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Table 3-15. Reaction Rate Constants for Conventional Polyamic Acids

Temperature °K (°F) k (min-l) Polyamic Acid
434 (322) 1.95 X 1072 4,4'-diaminodiphenyl
ether with pyromellitic
-1 dianhydride
434 (322) 2.06 x 10 4,4'-diaminodiphenyl
ether with pyromellitic

dianhydride plus
1 tertiary amine catalyst
436 (325) 1.73x 10 Skybond 710

It became apparent during the study that an aging problem was occurring. There was,
however, no significant change in the viscosity or the infrared spectrum of the resin,
Titration for acid equivalence showed a rise with aging, The storage life of the resin
is about one month at room temperature and three months at 278°K (40°F), However,
it is apparent that the acid number should be checked during this time.
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The acid equivalent of the polyimide varnish (total free acid) is determined potentio-
metrically by dissolving approximately 2,0 gm of the Skybond 710 in 60 ml of DMF
and titrating in 2 ml aliquots with 0,1000N alcoholic KOH. A graph is then plotted as
shown in Figure 3-9 in the appendix. The number of grams per equivalent of KOH is
found from:

ms of sample 4
grams of sample _ ,.& _ gms/equivalent

ml of 0. 1N KOH
For the example in Figure 3-9, the acid equivalent is calculated as follows:

2.1225¢g

39-8 1

=534 gm/equivalent
Several comparisons of two batches of Skybond 710 are shown in Table 3-16.
The critical acid number is probably in the neighborhood of 530 to 540. That is not

to say that the system will not mold when the varnish has an acid equivalent above
this, but only that the cure cycle would have to be changed.

40

30
&
20
)8

10

mv
§\~s
P——

4 8 12 16 20 24 28 32 36 38
ml

Figure 3-9. Titration of Skybond 710 in DMF with
0.1000N KOH (Alcoholic)
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Table 3-16, Comparison of Two Different Lots of Skybond 710

Lot No, 2994 2994 3190 3190
Remarks 3 months 3 months As received 1 month
storage at storage at at room
283-288°K 283-288°K temperature
(50-60°F) (50-60°F) +
2 weeks at
299°K (80°F)
Color Red-Black Red-Black Orange/Red/ Red-Black
Brown
Acid 610,3 535,9 597
Equivalent® 564.6
% Organic 3.8 3.8 4,2 4,2

aBased on total varnish

In attempting to interpret the significance of acid equivalence numbers, the following
points were considered. See forms A, B, C, D, E, F, G Figure 3-10.

a. Forms A and C of BTDA are tetrafunctional units. The assumption is that if these
species predominate they would predict acid equivalent for the resin solution of

260 gm/equivalent.

b. Forms B and D if predominant would be difunctional and would predict an acid
equivalent of 520 gm/equivalent.

c. Forms E, F, and G possess no functionality and would raise the number of grams
of resin solution/equivalent.

Method I - To eliminate the effect of all but a single acid species, only the volume
from point a to point b (31 ml) was included in this calculation. The lowest value
obtained by this method was 520 gm/equivalent based on total resin solution.

Method II - To make endpoint titration feasible without recording the potential curve,
the total volume to point ¢ (33 ml) was used for calculation. The lowest value ob-
tained by this method was 460 gm/equivalent.

Titration of Skybond 710 yields the potential curve shown in Figure 3-9.
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Figure 3-10. Some Possible Species in Skybond 710 of the
Anhydride Functional Group

The values 520 gm/equivalent (Method I) and 460 gm/equivalent (Method II) were the
most frequent values obtained for newly received lots of Skybond 710. This would

imply that either form B or D predominated, or that there was a mixture of A or C/E,
F, or G. Based on volatile and viscosity considerations, it was concluded that the resin
as received is approximately 90% form B and 10% form C. It is felt Method I acid
titration determines the acid from form B plus the second acid group on form C, while
Method II determines both acid groups of C plus the acid group of B,

It is also felt the primary cause for the rise in acid number upon aging of the resin is
the formation of form F.
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In addition, hydrolysis of the amic acid or the amic ester species would result in a rise
in the acid number. This is clearly shown in Figure 3-11 and 3-~12. Note that such
hydrolysis has two observable consequences.

a., The reaction is a chain stopper. High molecular weight is never achieved and
laminate properties are therefore low,

b. Salt formation results in the common precipitate found in poor polyimide resin
panels, In the case of salt formation, high temperature post cure can set up
equilibrium between the salt and the hydrolyzed resin, This is observed by a
disappearance of some precipitate. Some improvement in room temperature
properties will be observed, but strengths will always be low. Note that good
polyimide resin panels show little change of room temperature properties after
a high temperature post cure,
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I (-
PROME

+H2N‘—'@_—;

~
002H5

.9

O=

f?

+ N
F@C :

l ~ocC
H5

Figure 3-11. Hydrolysis of the Amic Ester
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3.4.5 QUALITY CONTROL ASPECTS OF 710, Based on the speculated composition
of 710 and on laboratory experiments, the following tests seem to be pertinent to quality
control.

3.4.5.1 Resin Solids. Because of the multicomponent nature of the solvent, the
objective of the resin solids test must be clearly defined before the test is run,

a. Non-Reactive Volatile, - Fairly consistent results (68 to 72% residue) were
obtained with a vacuum strip for 24 hours at 200°K (100°F) and 532 N/m2
(4 mm Hg). This test is not recommended for routine use because moderate
variations in procedure may substantially alter the results. The composition
of the residue under these conditions has been determined to be essentially all
the original NMP, some xylene, inorganics, the aromatic diamine and BTDA
derivatives,

b. Reactive and Non-Reactive Volatile. - A more reproducible method of determining
residue is to heat a 2-gm sample one hour at 533°K (500°F). The residue at this

point is polyimide and inorganics. The reproducibility of this method on the same
lot of material is approximately *1%, and the range of values obtained has been 51 £ 2%.

3.4.5.2 Inorganics. Two-gram samples were held in air at 810°K (1000°F) for three
days. The resulting residue is inorganic, probably a flow control agent such as Cab-
O-Sil. The residue obtained by this method is approximately 4% + 0.5 based on the
total initial resin solution. The precision of this method is + 0. 2% on the same lot of
material.

3.4.5.3 Recommended QC Procedures - Resin Solids, Total Volatile, Ash. The pro-
cedure in running resin solids was to place approximately 2 gm (of Skybond 710) in a
preweighed (x0.1 mg), heat cleaned 922°K (1200°F) crucible. The sample is then
placedin a muffle furnace at room temperature (to prevent boilover and sample loss),
heated to 533°K (500°F), and held one hour. The samples are then removed, cooled in
a desiccator, reweighed, and replaced in the muffle furnace. The temperature is re-
set to 810°K (1000°F) and held for three days. The samples are removed and again
cooled in a desiccator and reweighed. Resin solids = 100% = (% volatile + ash), and
values range from 46 to 50%.

3.4.5.4 Acid Equivalence for 710. Based on the previous discussion , an acid equiva-
lence mumber should be determined. For ease of calculation, the number reported is
the number of grams of Skybond solution/equivalent, It should be remembered that

the mumber reported in this manner is a function of resin solids, When using Method

I to determine acid equivalence, the value should not exceed 540 gm/equivalent,

Resin should be closely checked if the value exceeds 520 gm/eq when using Method I,
When using Method II, these values become 506 gm/eq and 460 /eq respectively.
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3.4.5.5 Miscellaneous QC Procedures for 710, Other quality control methods
used include refractive index, Sunshine gel at 404°K (266°F), and Brookfield

viscosity. Acceptable value ranges are presented below:

Brookfield Viscosity (spindle #2 at 12 rpm) 2000 to 2600 cps
Gel Time [Sunshine Gel Meter @404°K (266°F)] 27 to 33 minutes
Refractive Index 1,5210 to 1.5250

3.4,5.6 Summary of 710 QC Values.

Brookfield Viscosity 2000 to 2600 cps
Refractive Index 1,5210 to 1,5250
Gel Time 30 minutes + 3
Residue 533°K (500°F), 1 hour 51%+ 2

Residue 810°K (1000°F), 72 hours 4,0% + 0.5

Acid Equivalence (Method II) 460 +25

3.4.6 RHEOLOGICAL ASPECTS OF 710. 710 was vacuum stripped for 15 hours at
298°K (78°F) to remove the majority of the solvent. Various rheological character-
istics of the residue were determined at three different heating rates: 1, 3, and 5°K
(2, 5, and 9° F) minute using a Fisher-Johns melting point apparatus. Five different
characteristics of the 710 resin was determined (Figure 3-13). They are 1) melting
point, 2) initial flow, 3) good flow, 4) starting to gel, 5) gellation, Points 1, 4, and
5 are accurate within + 3°K (5°F). Points 2 and 3 are accurate within = 7°K (13°F)
since they required a much more subjective decision by the instrument operator.

In general, the initial melting point and flow temperature are independent of heating
rate, whereas the temperature required for good flow and gellation is dependent on
heating rate. While this study was performed on the resin, no great differences
would be expected with graphite/710 prepreg because of the high thermal conductivity
of the graphite.

3.5 POLYIMIDE/GRAPHITE PREPREG CHARACTERIZATION

The following are nominal prepreg values for HT-S/710 graphite prepreg. Using
the Convair Aerospace developed cure cycle, optimum composite properties will be
obtained from prepreg having the following values:

Resin Solids 40% = 5
Volatile 15% % 5
Flow 20% £ 5

Gel at 450°K (350°F) 1 to 3 minutes
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3.5.1 PREPREG GEL AND FLOW AS A FUNCTION OF TEMPERATURE. Figure
3-14 presents data on HT-S/710 prepreg gel time and flow at 393, 422, and 450°K
(250, 300, and 350°F), The gel time decreased quite markedly with an increased
temperature as expected. The flow, however, remained constant.

3.5.2 STAGING OF HT-S/710 PREPREG, Table 3-17 presents prepreg volat'le,
tack, drape, gel time, and flow as a function of staging. The gel time test at 436°K
(325°F) (Fisher-Johns) appears to be a poor test for this type of resin system since
resin flow can still be accomplished by pressure after the prepreg has apparently
gelled by the Fisher-Johns method.

Volatile loss versus time at temperature for HT-S/710 prepreg is given in Figure 3-15
for 323 and 348°K (122 and 167°F). In both cases, the prepreg had become boardy
after the first half-hour . A similar experiment was run for total volatiles at 450°K
(350°F), and the data is plotted versus staging time in Figure 3-10. Again, the pre-
preg became boardy after the first half-hour, indicating that 15% volatile is the mini~-
mum volatile content at which drape and tack can be retained at 45% resin solids.

Table 3-17, 710, Prepreg Characteristics as a Function of
Staging Conditions

Volatile Gel Time % Flow

Staging Conditions Remaining (%) Top Back Drape 436°K (325°F)  436°K (325°F) Comments

Initial 20 Good Good Good 2 min, 20,5 Prepreg hard to
handle ’

10 minutes at 353°K (176°F) 12,6 Poor Good Fair 1 min, 17.5 15 minutes at
353°K (176°F)
gives good work-
able prepreg

30 minutes at 353°K (176°F) 10.5 None Fair Poor 45 sec, 17.3

120 minutes at 353°K (176°F) 8.8 None None None gelled 9.0

5 minutes at 433°K (320°F) 5,3 None None None gelled 1.1

15 minutes at 433°K (320°F) 2,0 None None None gelled 0.1 Very poor bond
between flow
pieces

60 minutes at 433°K (320°F) 0.5 None None None gelled 0 No bond between
flow pieces

The break in the 348°K (167°F) curve after 24 hours indicates a small amount of
reaction volatile, At 323°K (122°F), there seems to be a negligible amount of this
reaction,

Figure 3-17 presents data on HT-S/710 prepreg in regard to the temperature at
which the prepreg softens and flows as a function of staging time at 353°K (176°F).
This data was obtained using a Fisher-Johns melting point apparatus,
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Content as a Function of Staging at 353°K (176°F)
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Table 3-18. HT-S/710 Prepreg* Storage Stability
at 298°K (78°F) Room Temperature

Volatile? % Resin> Gel Time>

Time Content Flow Tack Drape
1 day 21,0 22,6 1.8 Good Pliable
3 days 17.9 19,0 1.5 Fair Pliable
1 week 19,2 15,0 1,4 Fair Pliable
2 weeks 14.8 19,1 1.0 Poor Boardy
3 weeks 15.4 20,0 1.0 Poor Boardy
4 weeks 16.9 18.6 1,0 Poor Boardy
5 weeks 16,2 10.8 1,0 Poor Boardy
6 weeks 16.7 16.3 1.0 Poor Brittle
7 weeks 16.7 17.5 1.0 Poor Brittle
8 weeks 16,0 17.8 1.0 Poor Brittle
9 weeks 15.8 18.5 1.0 Poor Brittle

10 weeks 14.3 17.8 1.0 Poor Brittle

11 weeks 15.6 17,8 1.0 Poor Brittle

Table 3-19. HT-S/710 Prepreg* Storage Stability
at 278°K (40°F)
Volatile? % Resin® Gel Time’

Time Content Flow Tack Drape
1 day 21,2 22,2 1.7 Good Pliable
3 days 20,2 21,8 1.5 Good Pliable
1 week 19,7 20.9 1.5 Good Pliable
2 weeks 15,3 23.8 1,5 Good Pliable
3 weeks 14,0 24,2 1.5 Good Pliable
4 weeks 18.5 21,9 1,6 Good Pliable
5 weeks 19.4 22,7 1.6 Good Pliable
6 weeks 18.3 20.8 2.0 Good Pliable
7 weeks 18,5 19,9 1,8 Good Pliable
8 weeks 21,0 16,6 1,5 Good Pliable
9 weeks 16,1 20,0 1,5 Good Pliable

10 weeks 21,6 20,2 1,7 Good Pliable

11 weeks 16.3 20,8 1.7 Good Pliable

12 weeks 20.3 18.2 1.6 Good Pliable

13 weeks 17.8 21,0 1,5 Good Pliable

14 weeks 19,5 22,3 1.6 Good Piiable

15 weeks 16,2 20,6 1,2 Fair Boardy

*Initial Prepreg Properties, Resin Solids 46, 5%, Volatile Content 20,1%

a
Measured at 450°K (350°F)



Table 3-20, HT-S/710 Prepreg* Storage Stability
at 255°K (0°F)

Volatile® % Resin” Gel Time®
Time Content Flow (minutes) Tack Drape
1 day 21,2 22.8 1.6 Good Pliable
3 days 20.6 23.0 1.8 Good Pliable
1 week 19.4 18.9 1.6 Good Pliable
2 weeks 18.5 22,3 1,6 Good Pliable
3 weeks 18,5 22.0 1.5 Good Pliable
4 weeks 21,4 21.0 1.7 Good Pliable
5 weeks 22,2 20.8 1.7 Good Pliable
6 weeks 21,9 18.1 1.8 Good Pliable
7 weeks 17.5 19,2 1.6 Good Pliable
8 weeks 18.9 19.5 1.8 Good Pliable
9 weeks 19.1 21.6 1,5 Good Pliable
10 weeks 18.9 20,7 1.4 Good Pliable
11 weeks 21,3 17,1 1.4 Good Pliable
12 weeks 20.1 17.5 1.5 Good Pliable
13 weeks 19.9 18,0 1.5 Good Pliable
14 weeks 17.8 20.2 1.4 Good Pliable
15 weeks 18.0 19,7 1.4 Fair Pliable

*Initial Prepreg Properties: Resin Solids 46, 5%, Volatile Content 20, 1%

dMeasured at 450°K (350°F)

3.5.3 HT-5/710 PREPREG STORAGE STABILITY., Tables 3-18, 3-19 and 3-20 pre-
sent data on volatile content, % resin flow, gel time, tack, and drape as a function of
aging for HT-S/710 prepreg. Table 3~18 shows storage at room temperature, and
Tables 3-19 and 3-20 are storage at 278°K (40°F) and 255°K (0°F) respectively. At
room temperature, properties show a dramatic falloff at one week., A corresponding
falloff is not observed until about 14 weeks when storage is at 278°K (40° F). After

15 weeks at 255°K (0°F), the prepreg was still pliable and retained fair tack.
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3.6 GRAPHITE/POLYIMIDE PROCESS DEVELOPMENT

One of the major objectives of this program was to develop vacuum bag, press, and
autoclave cure cycles for graphite/polyimide composites. To meet this objective

30.5 by 30.5-cm (12 by 12<in.) by 12-ply laminates were fabricated using various
cure cycles. Each of these panels was then cut into 15. 2 by 15.2-cm (6 by 6-in.)
panels, as shown in Figure 3-18. Flexural and short-beam shear tests were
conducted on the postcured panels. Also, resin content, fiber volume, and specific
gravity of the individual panels were determined.

The graphite/polyimide process optimization plan followed during these studies is
shown in Figure 3-19, This work, combined with the resin development and evalua-
tion, was used in fully developing the cure cycle used for the fabrication of the design
laminates, thick laminates, tubes, and structural test elements. Each of the individual
parts of the process development study is discussed in the following paragraphs.

3.6.1 VACUUM-PRESSURE AUGMENTED CURE STUDY (PRESS). Based on previ-
ous Convair-Aerospace-sponsored studies, four cure cycles, where pressure, heating

30.5 cm (12 in.) —

| i
i
|
|
|
POSTCURE A | POSTCURE B
(NONE) | 8 HR AT 589° K
~ | (600° F)
£ |
= n
= |
E pm————————— e
S |
w I
S |
(]
POSTCURE C ' POSTCURE D
8 HR AT 616°K : 8 HR AT 644° K
(650° F) , (700° F)
I
|
|
|
|

Figure 3-18, Panel Description for Cure and Postcure Studies (HT-5/710)
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CYCLE DEVELOPED, ONE POSTCURE
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GRAPHITE FIBER FINISH STUDY

=% CYCLE SELECTED,
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v

AUTOCLAVE AND PREPREG
OPTIMIZATION STUDIES

Y

PREPREG MATERIAL SUPPLIER EVAL~-
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Y ¥

y Y

VACUUM BLEEDER SOLVENT PRECOMPACTION
STUDY EVALUATION EVALUATION STUDIES

y

OPTIMIZED CURE
AND POSTCURE CYCLE

{

DESIGN DATA GENERATION

Figure 3-19. Graphite/Polyimide Process Optimization Flow Chart

rates, and bleeder were varied, and four postcure cycles were evaluated. In all
press cures, the laminate layup was continuously under vacuum. The following is a
list of processing techniques and cure procedures for each cure evaluated:

a. Material Designation:
Fiber Type:
Material Form:
Batch No.:
Resin:
Manufacturer:

b. Fabrication Procedure:
Mold Release:
Layup:

Separator Film:
Bleeder:

(hy-E-1312-B)

HT-S (staple)

30.5 by 114.5-cm (12 by 45-in,) sheet
OC-28

710

Fiberite

(Press Cure No. 1)

Teflon Film

12 plies unidirectional, 30.5 by 30.5 €m

(12 by 12 in,)

Teflon-coated glass cloth, FGO-3

5 plies Mauchburg paper CW-1850; 2 plies on the
bottom and 3 plies on the top.
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Special Instructions:

Cure Pressure:

Cure Cycle:

Postcure:

Material Designation:
Fiber Type:

Material Form:
Batch No. :

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

A Corprene 0.95-cm (3/8-in.) dam was used
around the periphery of layup, separated from
prepreg by no more than 1.5 mm (0.06 in.). One
pPly Teflon film (nonperforated) was used over the
bleeder. A 30.5- by 30.5- by 0.64-cm (12

by 12 by 1/4-in.) aluminum plate was used

as a pressure plate over the Teflon film, was
covered in turn by 3 plies of 181 style glass cloth

(for venting), and enclosed by a vacuum bag.

760 mm (29 in.) Hg vacuum was applied at room
temperature and maintained throughout the entire
cure cyle and cool down to below 352°K (175°F).
690 kN/m2 (100 psi) press pressure was applied
at 431°K (315°F) and maintained throughout the
remainder of the cure.

Heat to 450°F (350°F) at 1 to 3°K/minute (3 to
5°F/minute), hold for 1 hour, and cool at no
greater than 1°K/minute (3° F/minute) to 352°K
(175° F) under pressure.

Various ones.

(hy-E-1312-B)

HT-S (staple)

30.5 by 114.5-cm (12- by 45-in.) sheet
0C-28

710

Fiberite

(Press Cure No. 2)

Teflon Film

12 plies unidirectional, 30.5 by 30.5-cm (12-

by 12-in.)

Teflon-coated glass cloth, FGO-3

5 plies Mauchburg paper CW-1850; 2 plies on the
bottom and 3 plies on the top.

A Corprene 0.95-cm (3/8-in.) dam was used
around the periphery of layup, separated from
prepreg by no more than 1.5 mm (0,06 in.), One-
ply Teflon film (ncunperforated) was used over the
bleeder. A 30.5- by 30.5~ by 0.64-cm (12 by

12 by 1/4-in.) aluminum plate was used as a
pressure plate over the Teflon film, was covered
fun turn by 3 plies of 181 style glass cloth (for vent-

ing), and enclosed by a vacuum bag.
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Cure Pressure:

Cure Cycle:

Postcure:

Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer:

760 mm (29 in.) Hg vacuum was applied at room tempera-
ture and maintained throughout the entire cure cycle and
cool to below 352°K (175°F). 690 kN/m2 (100 psi)

press pressure was applied at 431°K (315°F) and main-
tained throughout the remainder of the cure.

Heat to 355°K (180°F) at 1 to 3°K/minute (3 to 5°F/
minute), hold 30 minutes, heat to 408°K (275°F) at 1 to
3°K/minute (3 to 5°F/minute), hold 30 minutes, heat to
450°K (350°F) at 1 to 3°K/minute (3 to 5°F/minute), hold
1 hour and cool at no greater than 1°K/minute (3°F/
minute) to 352°K (175°F) under pressure.

Various ones.

(hy-E-1312-B)

HT-S (staple)

30.5 by 114.5-cm (12- by 45-in. ) sheet
0C-28

710

Fiberite

Fabrication Procedure:(Press Cure No. 3)

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Postcure:

Teflon Film

12 plies unidirectional, 30.5 by 30.5-cm (12- by
12-in.)

Teflon-coated glass cloth, FGO-3

1 ply style 104 glass cloth and 2 plies of style 181 glass
cloth on both sides of the layup.

A Corprene 0.95-cm (3/8-in.) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0. 06 in.). One-ply Teflon film (nonper-
forated) was used over the bleeder. A 30.5- by 30.5-
by 0.64-cm (12 by 12 by 1/4-in. ) aluminum plate was
used as a pressure plate over the Teflon film, was
covered in turn by 3 plies of 181 style glass cloth (for
venting), and enclosed by a vacuum bag.

760 mm (29 in.) Hg. vacuum was applied at room tempera-
ture and maintained throughout the entire cure cycle and
ool down to below 352°K (175°F). 690kN/m?2 (100 psi)
press pressure was applied at 431°K (315° F) and main-
tained throughout the remainder of the cure.

Various ones
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Material Designation:
Fiber Type:

Material Form:
Batch No.:

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Postcure:

(hy-E~-1312-B)
HT-S (staple)

30.5 by 114.5-cm (12- by 45-in. ) sheet
0C-28

710

Fiberite

(Press Cure No. 4)

Teflon Film

12 plies unidirectional, 30.5 by 30.5-cm (12~ by
12-in.)

Teflon-coated glass cloth, FGO-3

1 ply style 104 glass cloth and 2 plies of style 181
glass cloth on both sides of the layup.

A Corprene 0.95-cm (3/8-in.) dam was used around
the periphery of layup, separated from prepreg by no
more than 1.5 mm (0.06 in.). One-ply Teflon film
(nonperforated) was used over the bleeder. A 30.5-
by 30.5- by 0.64-cm (12 by 12 by 1/4 in. ) aluminum
plate was used as a pressure plate over the Teflon
film, was covered in turn by 3 plies of 181 style
glass cloth (for venting), and enclosed by a vacuum
bag. :

760 mm (29 in.) Hg vacuum was applied at room
temperature and maintained throughout the entire cure
cycle and cool down to 352°K (175°F). 690 kN/mZ<
(100 psi) press pressure was applied at 431°K (315°F)
and maintained throughout the remainder of the cure.

Heat to 355°K (180°F) at 1 to 3°K/minute (3 to 5°F/
minute), hold 30 minutes, heat to 408°K (275°F) at
1to 3°K/minute (3 to 5°F/minute), hold 30 minutes,
heat to 450°K (350°F) at 1to- 3°K/minute, hold 1 hour
and cool at no greater than 1°K/minute (3° F/minute)
to 352°K (17$° F) under pressure.

Various ones.
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The following four postcure cycles were evaluated:

1. No postcure

2. 8 hours at 589°K (600°F)
3. 8 hours at 616°K (650°F)
4. 8 hours at 644°K (700°F)

Each of the panels was slowly heated to 450°K (350°F) and remained at this temperature
for two hours prior to raising the temperature to the higher postcure temperatures,
Temperature increases were in increments of 28°K (50° F) with dwell times of 2 hours
at each increment. Postcures 2, 3, and 4 all concluded with 8 hours at the selected
postcure temperatures. The panels were all unrestrained during the postcure cycles.

Longitudinal and transverse flexural and short~-beam shear specimens were machined
from each of the panels. A minimum of three specimens were tested at each of the
three test temperatures 77°K (~320°F), 297°K (75°F), and 589°K (600°F). Duplicate
tests were conducted to determine resin content (percent by weight), fiber volume, and

speciiic gravity.

The data developed during this study is reported in Tables 3-21 through 3-24. The
method used in evaluating the cure cycles was to rank the flexural and short-beam shear
strengthe c¢n the basis of 4, 3, 2, 1 where a rank of 4 is given for the highest strength.
Using this system of ranking, cure cycle No. 2 was found to be far superior than any

of the clbor cycles evaluated in this study. The selected press cure cycle is amenable
to the fabiication of large parts in that the heating rates are reasonable, there are
various hoeld times, and the pressure required for curing the laminate is only 690
kN/m?2 (100 psi). ’

The data developed during the press cure study aimed at selecting the best postcure
cycle is presented in Tables 3-25 through 3-28. The same method of ranking was used
to evaluate the postcure cycles as in evaluating the cure cycles. Postcure cycle D was
found tc be superior for overall properties for the temperature range of 77°K (-320°F)
to 588°K (GOO°F). However, if the temperature range for a particular application is
from 77°K (-320°F) to 450°K (350°F), postcure cycle A is the recommended cycle. This
is not too surprising in that a more thorough cure and a higher temperature postcure
closes more rings and extends polymer chain length. The high temperature postcure in
air also causes some crosslinking in the polyimide resin. This crosslinking increases
strength, particularly at high temperatures and reduces the sites available for the initia-
tion of oxidative and thermal degradation,

This same process also reduces the mobility of the polymer chain and increase the
steric hindrance in the cured system. This leads to an increase in polymer brittleness
and potential premature failure at low cryogenic temperatures. However, even though
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Table 3-21. Press Cure Cycle Study of HT-S/710
Graphite/Polyimide. Postcure Cycle No. 1
) PRESS CURE CYCLES -OC-28 oc-31
Property 1 2 3 1 3
and Test 2 2 2 2 2
Temperature {MN/m" (ksi) MN/m"~ (ksi) MN/m” (ksi) MN/m"~ (ksi) MN/m" (ksi)
0° Flexure
TT°K (-320°F) | 1284 (185) 1336 (194) 1233 (179) 1049 (152) 955 (138)
297°K (75°F) 1326 (194) 1243 (180) 1255  (182) 984  (143) 1184 (172)
589°K (600°F) 174 ( 25) 186 ( 27) 195 ( 28) 148 ( 21) 181 ( 26)
90° Flexure
297°K (75°F) 23 (3.3) £ (2.2) 23  (3.4) 32 ‘(4.6) 25  (3.6)
Short Beam
Shear
TT°K (-320°F) 38 (5.5) 29 (4.2) 24 (3.5) 20 (2.9) 30 (4.4)
297K (75°F) 44 (6.4) 34 (5.0) 31 (4.5) 28 (4.1) 40  (5.8)
589°K (600°F) 26 (3.8) 27 (3.9 26 (3.7) 26 (3.7) 22 (3.2)
% Fiber Vol. 51,7 55.0 58.3 57.6 59.0
% Resin 43.4 38.7 36.5 37.1 35.9
Specific 1.53 1.48 1.49 1.43 1.48
Gravity
Table 3-22. Press Cure Cycle Study of HT-S/710
Graphite/Polyimide. Postcure Cycle No. 2
PRESS CURE CYCLES 0C-28 0C-31
Property
and Test 21 ‘ 22 23 24 3
Temperature |MN/m” (ksi) MN/m" (ksi) MN/m"~ (ksi) MN/m~  (ksi) .\m/m2 (ksi)
0° Flexure
T7°K (-320°F) | 1051 (152) 1058 (154) 923 (134) 980 (142) 849  (123)
297°K (75°F) 842 (122) 1257 (182) 1076  (156) 1068 (155) 750  (109)
589°K (60O°T) 547 ( 19) 664  ( 96) 384 ( 56) 416 ( 60) 381  ( 55)
90° Flexure
297°K (75°F) 5 (0.7) 16 (2.3) 24  (3.5) 19 2.7) 23 (3.3)
Short Beam
Shear
T7°K (-320°F) 37 (5.3) 36 (5.2) 30 (4.4) 33 (4.8) 20 (2.9)
297K (75°F) 47 (6. 8) 56 (8.1 49 (7.1 4 (6.4) 30 (4.4
589°K (600°F) 28 (4.1) 34 (4.9 27 (3.9) 27  (3.9) 21 (3.0
% Fiber Vol. §8.0 66.3 59.9 61.8 64.9
% Resin 37.0 28.7 35.3 34.1 30.1
Specific 1.54 1.49 1.46 1.48 1.50
Gravity
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Table 3-23. Press Cure Cycle Study of HT-S/710
Graphite/Polyimide. Postcure Cycle No. 3
PRESS CURE 0C-28 0C-31
Proporty 1 2 3 4 3
and Test > 2 2 2 2

Temperature [MN/m” (ksi) MN/m~  (ksi) MN/m" (ksi) MN/m"  (ksi) MN/m" (ksi)

0° Tlexuyre

TT°K (-320°F) g48  (123) 1093 (158) 888  (129) 741 (107) 825 (120)

297K (75°T) 1215 (176) 1155  (168) 1123 (163) 971 ' (141) 950 (138)

550°K (GO0°T) 702 (102) 747 (108) 565 ( 80) 559 ( 80) 625 ( 89)

90° Flexure

297°K (75°F) 23 (3.4 23 (3.3) 23 (3.4) 25 (3.6) 17 (2.9

Short Beam

Shear

77°K (~320°F; 47 (6.8) 47  (6.8) 37 5.4 30 (4.3) 28 (4.1

207K (T3°F) 46 (6.6) 55 (8.0) 42 (6.1) 37 (5.4) 38 (5.7

539°K (600°F) 30 (4.3) 34 (4.9) 27 (3.9 26 (3.8) 30 (4.3)

& Fiber Vol. 57,0 57.4 62.1 57.9 61.9

7 Resin 38.0 37.6 32.8 37.1 33.1

Specific 1.50 1.51 1.46 1.44 1.44

Gravity

Table 3-24. Press Cure Cycle Study of HT-S/710
Graphite/Polyimide. Postcure Cycle No. 4
-
' PRESS CURE CYCLES  0OC-28 0C-31
Property A a 3 4 3
and Test 2 5 2 2 2 .
Temperature !MN/m™  (ksi) MN/m” (ksi) MN/m” (ksi) MN/m” (ksi) MN/m"” (ksi)
0¢ Flexure
77°K (-320°F) 885  (128) 821 (119 835  (121) 652 ( 95) 830 (120)
297K (75°F) 1061 (15H 1192 (173) 1169  {170) 1061  (154) 953  (138)
539°K (G00°F) 727 (105) 848  (123) 757 (110} 652 ( 98) 582 ( B4)
50° ¥Flexure 25 (3.6) 28 @&.1) 23 (3.3)
DT (T5°T)
|

Short Leam

Shear
TR (-320°F) i5  (6.5) 49 (1.1) 45 (6.5) 44 (6.4) 28 (4.1)
297K (73°F) 46 (6.6) 53 (7.7 48 (6.9) 49 (L1 36 (5.2)
589°K (600°T) 29 (4.2) 3¢ (5.0 35 (5.1 3B (5.1) 28 (4.1)
% Fiber Vol. 63.1 63,1 62.5 63.2 63.2
 Resin 31.8 31.8 32.6 31,9 31.8
Specific 1.47 1.48 1.48 1.44 1.49
Gravity
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Table 3-25. Postcure Study of Press Cured HT-S/710 Graphite/Polyimide.
Press Cure Cycle No. 1

POSTCURE CYCLES OC-28

Property 1 2 3 4

and Test 0 2 2 2
Temperature |MN/m”~ (ksi) MN/m” (ksi) MN/m" (ksi) MN/m" (ksi)
0° Flexure
T7°K (-320°F) | 1284 (185) 1050 (152) | 848 (123)| 883 (128)
297°K (75°F) | 1336 (194) B41 (122) | 1210 (176) | 1061 (154)
589°K (GOO0°F) | 174 {25) 547 (19| 703 (102)| 727 (105)
90° Flexure 23 (3.3) 5 0.7) - 25 (3.6)
297°K (75°F)
Short Beam

Shear
T7°K (=320°F) 38 (5.5) 37 (5.3) 47 (6.8) 45 (6.5)
297°K (75°F) 44 (6.4) 47 (6.8) 46 (6.7) 46 {6.6)
589°K (600°F) 26 (3.8) 28 4.1) 30 4.3) 29 4.2)
% Fiber Vol. 51.3 58.0 56.9 64.2
% Resin 43.4 37.0 38.0 31.8
Specific 1.53 1.54 1.50 1.47
Gravity

Table 3-26. Postcure Study of Press Cured HT-S/710 Graphite/Polyimide.
Press Cure Cycle No. 2

POSTCURE CYCLES ocC-28

Property

and Test 21 22 23 24
Temperature |MN/m* (ksf) MN/m" (ksi) |MN/m” (ksi) MN/m" (ksi)
0° Flexure
T7°K (~320°F) | 1339 {194) 1058 (154) | 1092 (158) 821 (119)
297°K (75°F) 1243 (180) 1257 (182) | 1154 (168)| 1192 T (173)
589°K (600°F) 186 (27) 676 (96) a1 (108) 848 (123)
90* Flexure
297°K (75°F) 15 2.2) 16 (2.3) 23 (3.3) -
Short Beam

Shear

T77°K (-320°F) 29 (4.2) 36 (5.2) 47 (6.8) 49 (7.1)
297K (75°F) 35 (5.0) 56 (8.1) 55 (8.0) 53 (1.7
589°K (600°F) 27 (3.9) 34 4.9) 4 (4.9) 35 (5.0)
% Fiber Vol. §6.2 66.8 57.2 63.3
% Resin 38.7 28.5 37.6 : 31.8
Specific 1.48 1.49 1.51 ! 1.48
Gravity
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Table 3-27. Postcure Study of Press Cured HT-S/710 Graphite/Polyimide.
Press Cure Cycle No. 3

POSTCURE CYCLES OC-28 l
Property 1 9 3 4 ,
and Test 2 > 2 2
Temperature |MN/m" (ksl) MN/m"” (ksi) MN/m” (ksi) MN/m" (ksi) :
0° Flexure |
77°K (~320°F) 11233 (179) 923 (134) 888 (129) 835 (121) |
297°K (75°F) | 1255 (182) | 1076 (156) | 1123 (163) | 1169 (170) :
589°K (GOO°F) 195 (28) 383 (56) 555 (80) 757 110) |
90° Flexure
297°K (75°F) 23 (3.4) 24 (3.5) 23 (3.4) 28 (4.1)
]
Short Beam
Shear
TT°K (-320°F) 24 (3.5) 30 4.4) 37 (5.4) 45 (6.5)
297°K (75°F) 31 (4.5) 49 (7.1) 42 {6.1) 48 (6.9)
589°K (600°F) 25 (3.7) 27 (3.9) 27 (3.9) 35 (5.1)
% Fiber Vol. 58.5 59.8 62.4 62.8 |
i
"> Resin 36.5 35.3 32.8 32.6
Specific 1.49 1.46 1.46 1.48
Gravity '

Tahle 3-28. Postcure Study of Press Cured HT-S/710 Graphite/Polyimide.
Press Cure Cycle No. 4

POSTCURE CYCLES OC-28

1

Property 1 2 5 4 ‘
and Test 2 2 2 2 !

Temperature [MN/m”™ (ksf) MN/m® (ksi)  |MN/m" (ksi) MN/m"~ (ksi)

0° Flexure

77°K (-320°F) | 1049 (152) 980 (142) | 741 (107) | 656 (95)
297°K (75°F) 984 (143) 1068 (155) 971 (141) | 1061 (154) '
SE9°K (600°T) | 148 (21) 416 (60) | 554 (80) | 683 (98)
90° Flexure l
297°K (75°F) 32 (4.6) 19 2.7 25 {3.6) 23 3.3)
Short Beam !
Shear
77°K (=320°F) 20 (2.9) 33 (4.8) 30 (4.3) 44 (6.4) .
297°K (75°F) 28 (4.1) 44 (6.4) 37 (5.4) 49 (.1 !
589°K (600°F) 26 (3.7) 27 (3.9) 26 (3.8) 35 5.1) i
% Fiber Vol. 57.8 60.8 57.8 63.1
% Resin 37.1 34.1 a7.1 s1.9
Specific 1.43 1.48 1.4 1.4 l
Gravity
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the flexural properties were slightly lower at 77°K (-320°F) compared to properties at
297°K (75°F), it is believed that the HT-S/710 graphite /polyimide system can be used
over the entire temperature range.

Based on the studies conducted in this portion of the program, press cure cycle No, 2
with a 644°K (700°F) postcure cycle is recommended for this particular graphite/

polyimide composite system.,

In later sections of this report, the initial cure cycle

is changed slightly to more nearly approximate the cycles used in the resin charac-
terization and autoclave cure studies.

3.6,2 VACUUM BAG CURE STUDY. The same procedure used in evaluating press

cures and postcures was used in evaluating potential processing techniques for vacuum
bag curing of HT-S/710. Two cure cycles and four postcure cycles were evaluated.

The cure cycles used in this evaluation are as follows:

a. Material Designation:
Fiber Type:
Material Form:
Batch No.:
Resin:
Manufacturer:

b. TFabrication Procedure:

Mold Release:
Layup:

Separator Film:

Bleeder:

Special Instructions:

Cure Pressure:

(hy-E-1312-B)

HT-S (staple)

30.5 by 114.5-cm (12- by 45-in. ) sheet
0C-28 '

710

Tiberite

(Vacuum Bag Cure No, 1)

Teflon Film .

12 plies unidirectional, 30.5 by 30.5-cm (12- by

12-in.)

Teflon-coated glass cloth, FGO-3

5 plies Mauchburg paper CW-1850; 2 plies on the bottom
aund 3 plies on the top.

A Corprene 0. 95-cm (3/8-in.) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0.06 in.). One-ply Teflon film (nouper-
forated) was used over the bleeder. A 30.5- by 30.5-
by 0.64~cm (12by 12 by 1/4-in,) aluminum plate

was used as a pressure plate over the Teflon film, was
covered in turn by 3 plies of 181 style glass cloth (for
venting), and enclosed by a vacuum bag.

760 mm (29 in.) Hg vacuum pressure was applied at

room temperature and maintained throughout the ertire
cure cycle and cool to below 352°K (175° F).
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C.

Cure Cycle:

Postcure:

Material Designation:
Fiber Type:

Material Form:
Batch No. :

Resin:

Manufacturer:

Fabrication Procedure:

Mold Release:
Layup:

Separator Film:
Bleeder:

Special Instructions:

Cure Pressure:

Cure Cycle:

Postcure:

Heat to 450°K (350°F) at 1 to 3°K/minute (3 to 5°F/
minute), hold for 1 hour, and cool to below 352°K
(175° F) under pressure.

Various ones.

(hy-E-1312-B)
HT-S (staple) :

30.5 by 114.5-cm (12- by 45-in.) sheet
0C-28

710

Fiberite

(Vacuum Bag Cure No, 2)

Teflon Film

12 plies unidirectional, 30.5 by 30.5-cm (12- by

12-in.)

Teflon-coated glass cloth, FGO-3

5 plies Mauchburg paper CW-1850; 2 plies on the bottom
and 3 plies on the top.

A Corprene 0. 95-cm (3/8-in.) dam was used around the
periphery of layup, separated from prepreg by no more
than 1.5 mm (0.06 in.). One-ply Teflon film (nonper-
forated) was used over the bleeder. A 30.5- by 30.5-
by 0.64-cm (12 by 12 by 1/4-in.) aluminum plate

was used as a pressure plate over the Teflon film, was
covered in turn by 3 plies of 181 style glass cloth (for
venting), and enclosed by a vacuum bag.

760 mm (29 in.) Hg vacuum pressure was applied at
room temperature and maintained throughout the entire
cure cycle and cool down to below 352°K (175° F).

Heat to 355°K (180°F) at 1 to 3°K/minute (3 to 5°F/
minute), hold 30 minutes, heat to 408°K (275°F) at 1 to
3°K/minute (3 to 5°F/minute), hold 30 minutes, heat to
450°K (350°F) at 1 to 3°K/minute (3 to 5°F/minute), hold
1 hour and cool at no greater than 1° K/minute
(3°F/minute) to 352°K (175°F) under pressure.

Various ones.
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Historically, it has been difficult to fabricate dense, moderately low void laminates
from polyimide resins without the use of high-pressure processing techniques. One of
the primary objectives of this program was to develop a low-pressure cure cycle so
that large parts could be fabricated in an oven with only heat and vacuum bag pressure.
The 710 polyimide resin is unique in that the three solvents present form azeotropes
with water, and under proper conditions form a ternary azeotrope of their own, which
allows removal of the solvent at 352°K (175°F) while only under vacuum bag pressure.

Longitudinal and transverse flexural and short-beam shear tests were conducted at
77°K (=320°F), 297°K (75°F), and 589°K (600°F) to evaluate the various vacuum-bag
cure and postcure cycles. The vacuum-bag test results are summarized in Tables
3-29 through 3-32 as a function of cure cycle and in Tables 3-33 and 3-34 as a function
of postcure cycle.

In evaluating the test results as a function of cure cycle, the No. 2 cycle was clearly
superior to cure cycle No. 1. The primary difference between the two cure cycles
was the 30-minute holds at 355°K (180°F) and at 408°K (275°F) for cure cycle No. 2.
The holds obviously gave more time for volatile removal before the polymer began
to gel.

In evaluating the test results as a function of postcure cycle, cycle 3 was superior to
cycles 2 and 4 and they, in turn, were superior to cycle 1. It appears that any type
of a high-temperature postcure coupled with a vacuum-bag cure cycle will give
acceptable mechanical properties at elevated temperatures.

An interesting point was that the press-cured and vacuum-bag cured laminates both
contained 12 plies, and when tested in flexure and shear, both carried the same total
load. However, when calculating the stress, the press-cure results were generally
higher. The press-cured parts were merely thinner than the vacuum bag parts.

The recommended vacuum-bag cure is the No. 2 cycle, with a high-temperature post-
cure that reaches at least 589°K (600° F), but preferably 616°K (650°F). This vacuum-
bag cure cycle was later slightly modified in that the holds were changed from 355°K
(180° F) to 352°K (175°F) and from 408°K (275° F) to 400°K (260°F). These changes
were made based on the resin characterization work conducted on the 710 resin in
parallel with these initial cure studies.

3.6.3 GRAPHITE FIBER FINISH STUDY. Several graphite fibers, most notable the
Thornel fibers, have an epoxy sizing on the fiber to improve the interlaminar shear
strength of the composite. In an attempt to increase the shear strength of the graphite/
polyimide composite, material was purchased from Fiberite that had been prepared
with a P13N polyimide resin sizing on the graphite fiber. After the P13N resin had
been applied to the fiber and B-staged, the prepreg was coated with the 710 polyimide
resin. Convair Aerospace fabricated test panels using press cure 3 and vacuum-bag
cures 1 and 2. Flexural and short-beam shear tests were conducted on each of the
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Table 3-29. Vacuum Bag Cure Cycle Study of HT-8/710

Graphite/Polyimide. Postcure Cycle No. 1
CURE CYCLES OC-28 CURE CYCLES OC-31
Property 1 2 3 4
and Test 2 2 2 2
Temperature |MN/m" (ksi) MN/m" (ksi) MN/m~ (ksi) MN/m" (ksi)
0° Flexure
77°K (~320°F) { 1051 (152) | 1279 (186) | 1146 (166) | 208 (132)
297°K (75°F) | 839 (122) | 1181 (167) | 1130 (164) | 993 (144)
589°K (600°F) | 130 (19) 197 (28) | 165 (24)| 155 (22)
90° Flexure
297°K (75°F) 17 (2.4) 31 4.5) 27 (3.9) 32 &
Short Beam
Shear

77°K (-320°F) | 34 (5.0) 37 (5.4) 40 (5.8) 32 4.6)
297K (75°F) 4 (6.0) 42 (6.1) st 4.5) 44 (6.4)
589°K (600°F) - - - -
% Fiber Vol. 57.0 56.5 §5.0 57.1
% Resin 38.0 38.4 39.8 37.8
Specific 1.38 1.46 1.48 1.49
Gravity
Table 3-30. Vacuum Bag Cure Cycle Study of HT-S/710

Graphite/Polyimide. Postcure Cycle No. 2

CURE CYCLES 0C-28
Property 1 2
and Test 5 2
Temperature |MN/m~ (ksi) MN/m" (ksi)
0° Flexure
77°K (-320°F) 1054 (153) 1059 (154)
297°K (75°F) |1147 (166) | 1104 (160)
589°K (600°F) | 294 (43) 578 (84)
90° Flexure
297°K (75°F) 26 (3.8) 38 (5.5)
Short Beam
Shear
T7°K (-320°F) 43 (6.2) 37 (5.3)
297°K {75°F) 61 (8.9) 43 6.2)
589°K (600°F) | 32 (4.6) 32 (4.6)
% Fiber Vol. 59.6 59.5
% Resin 85.3 35.5
Specific 1.41 1.47
Gravity
e
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Table 3-31. Vacuum Bag Cure Cycle Study of HT-S8/710
Postcure Cycle No. 3

Graphite/Polyimide.
CURE CYCLES QC-28

Property 1 2

and Test 2 2
Temperature {MN/m" (ksi) MN/m” (ksi)
0° Flexure
77K (=320°F) 930 (135) 1095 (159)
297°K (75°F) 1198 (174) 1218 (177)
589°K (600°F) 619 (80) 680 {99)
90° Flexure
297°K (75°F) 34 (5.0) 33 (4.8)
Short Beam

Shear

77°K (=320°F)
297°K (75°F) 48 {6.9) 52 (7.5)
§89°K (600°F)
% Fiber Vol. 59.9 59.0
% Resin 35.1 36.0
Specific 1.34 1.46
Gravity

Table 3-32. Vacuum Bag Cure Cycle Study of HT-S/710

Graphite/Polyimide. Postcure Cycle No. 4
CURE CYCLES OC-28 CURE CYCLES 0C-31
Property 1 2 3 4
and Test 2 2 2 2
Temperature |MN/m" (ksi) MN/m" (ksi) MN/m"~ (ksi) MN/m"~ (ksi)
0° Flexure
77°K (-320°F) 726 (105) 978 (142) | 1001 (145) 849 (123)
297°K (75°F) 1056 (153) 1040 (151) | 1141 (165)| 1004 (146)
589°K (600°F) 630 (91) 685 (99) 560 (81) 688 (99)
90° Flexure
297K (15°F) 36 {5.2) 32 (4.6) - -
Short Beam
Shear
T7°K (~320°F) 41 (6.0) 49 (7.1) 34 (4.9) 37 (5.3)
297°K (15°F) 43 (6.2) 57 8.3)| 47 6.8)] 45 (6.5)
589°K (600°F) 26 (3.7 3¢ 4.9) 31 (4.5) 3t (4.5)
% Fiber Vol. 64.0 59.2 56,2 60.6
% Resin 31.0 35.7 38.7 34.3
Specific 1,48 1.47 1.47 1.50
Gravity
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Table 3-33. Vacuum Bag Cure Cycle Study of HT-S/170
Graphite/Polyimide. Cure Cycle No. 1

POSTCURE CYCLES 0oC-28
Property 1 2 3 .

and Test 2 2 s 2
Temperature [MN/m"~ (ksi) MN/m" (ksi) MN/m" (ksi) MN/m"~ (ksi)
0° Flexure